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Natürliche  Spinnenseide wurde  über Millionen  Jahre  durch  Evolution  effektiv  für  ihre 




Auch  heutzutage  ist  durch  die  rekombinante  Produktion  von  Spinnenseidenproteinen  ein 
Einsatz  als  vielfältiges  Biomaterial  möglich.  Durch  Prozessierung  in  unterschiedliche 
Morphologien,  sind  neben  der  Verwendung  als  Hochleistungsfaser  auch  biomedizinische 
Applikationen  wie  gezielter  Wirkstofftransport,  Implantatbeschichtungen  oder 
Wundauflagen realisierbar.  
In  der  vorliegenden  Dissertation  wurde  mit  Filmen  aus  dem  rekombinanten 
Spinnenseidenprotein  eADF4(C16)  und Varianten  davon  gearbeitet. Die  Proteine  basieren 
dabei auf der Konsensussequenz der  repetitiven Kerndomäne des Dragline‐Seidenproteins 
ADF4  (A. diadematus  Fibroin 4) der europäischen Gartenkreuzspinne  (A. diadematus) und 
können biotechnologisch effizient hergestellt werden. 
 Aufgrund  der  geringen  Interaktion  zwischen  Zellen  und  nicht  modifizierten  glatten 
Seidenfilmen,  ist  eADF4(C16)  als  Beschichtung  für  Katheder,  Stents  oder 
Silikonbrustimplantate, bei denen Zelladhäsion nicht erwünscht ist, gut geeignet. Im Hinblick 
auf  andere  Einsatzbereiche  (z.B.  Geweberegeneration)  ist  eine  ausreichende 
Wechselwirkung  zwischen Material und Zellen der umgebenden Matrix  für den Erfolg des 
Implantats  essentiell.  Da  Zelladhäsion  generell  durch  unspezifische  Interaktionen  (z.B. 
Topographie,  Benetzbarkeit  oder  Ladung)  aber  auch  durch  spezifische Motive  vermittelt 
werden kann, wurde als erstes ein minimales Erkennungsmotiv  für  Integrine  (RGD) an das 
Seidenprotein gekoppelt. Zum einem wurde mittels molekularbiologischer Methoden eine 
lineare  RGD  Sequenz  (GRGDSPG)  in  eADF4(C16)  eingeführt,  zum  anderen  konnte  eine 
Cystein  beinhaltende  Variante  (ntagCysC16)  erfolgreich  mit  einem  cyclischen  RGD  Peptid 
(c(RGDfK)) chemisch modifiziert werden. Dabei zeigten  im Vergleich zu eADF4(C16) Filmen, 





bessere  Adhäsion  und  schnellere  Proliferation.  Die  Zellbindungsaktivität  der  linearen 
RGD‐Sequenz  (genetisch modifiziert) war  dabei  nicht  von  der  des  Cyclopeptids  (chemisch 
gekoppelt) zu unterscheiden.  
Einer der Gründe  für die verminderte Fibroblasten Adhäsion auf eADF4(C16) Filmen  ist 
die  geringe  Rauigkeit  der  Filmoberfläche  und  die  damit  verbundene  Verhinderung  von 
physikalischen Verankerungen der  Zellen. Deshalb wurde  im  zweiten Teil der Dissertation 
durch  Änderung  der  physikochemischen  Eigenschaften  von  Seidenfilmen  Einfluss  auf  die 
unspezifischen Interaktionen zwischen Zellen und Material genommen. Zur Einführung einer 
Oberflächentopographie  wurden mittels Mikroabformung  in  Kapillaren  (micro‐molding  in 
capillaries, MIMC) strukturierte Seidenfilme mit parallelen Rillen hergestellt. Im Vergleich zu 
glatten  eADF4(C16)  Filmen  konnte  die  Zelladhäsion  auf  den  so  hergestellten  Filmen 
signifikant  erhöht  werden.  Durch  die  vorhandene  Fernordnung  im  Mikrometerbereich 
konnte  gleichzeitig  auch  die  Ausrichtung  der  Zellen  entlang  des  aufgebrachten  Musters 
gesteuert werden. Um die  Stabilität der  Seidenfilme  zu erhöhen, wurde  zusätzlich  zu den 




Proliferation  von  BALB/3T3  Fibroblasten  und  C2C12  Myoblasten  auf  die 
Spinnenseidenoberflächen  begrenzt  werden,  wodurch  sich  die  Zellen  parallel  zu  der 
Rillenachse ausrichteten.   
Neben der Einführung einer Oberflächenstruktur  in  Seidenfilmen,  konnte  auch  gezeigt 
werden, dass die Benetzbarkeit von eADF4(C16) Filmen individuell eingestellt werden kann. 
Aufgrund  der  amphiphilen  Eigenschaften  der  hier  verwendeten  rekombinanten 
Spinnenseidenproteine  konnte  durch  Änderung  spezifischer  Grenzflächen  (Protein‐
Substratoberfläche) die Benetzbarkeit von eADF4(C16) Filmen beeinflusst werden. Auf den 
ausgewählten  hydrophoben  und  hydrophilen  Modelloberflächen  (Polytetrafluorethlyen, 
Polystyrol und Glas) konnte so der Wasserkontaktwinkel der Seidenfilmoberflächen, je nach 
verwendetem  Substrat,  im  Bereich  von  39‐113°  eingestellt  werden,  wobei  jeweils  eine 
Umkehr der  Substrat‐Hydrophobizität  zu beobachten war. Des Weiteren wurde basierend 





Blockcopolymeren  ein  Modell  zur  Selbstassemblierung  von  eADF4(C16)  auf  Substraten 
unterschiedlicher Hydrophobizität vorgeschlagen.  
Insgesamt wurden  unterschiedliche Möglichkeiten  zur  Steuerung  der  Zelladhäsion  auf 
eADF4(C16) Filmen analysiert. Die Interaktion zwischen Zellen und Seidenoberflächen wurde 
sowohl  durch  Einführung  spezifischer  Signale  als  auch  durch  gezielte  Steuerung 
unspezifischer  Interaktionen  verbessert.  Seidenbeschichtungen  sind  somit  durch  ihre 
einstellbaren  Eigenschaften,  der  Biokompatibilität  und  der  Fähigkeit  zur  Steuerung  der 








Spider  silk  has  been  functionally  optimized  over millions  of  years  of  evolution  and  it 
exhibits a toughness that no material, natural or synthetic, can currently match. Additionally, 
spider silk has been known  for centuries  for  its good biocompatibility and biodegradability 
and has  thus been used since ancient  times  for wound dressings. Nowadays,  recombinant 









Due  to  the  minimal  interactions  between  cells  and  smooth  unmodified  silk  films, 
eADF4(C16)  is well  suited  as  a  coating  for  catheters,  stents,  and  silicone  breast  implants 
where cell adhesion  is not desired. For other applications, for example tissue regeneration, 
sufficient interactions between implant materials and the cells in the surrounding matrix are 
essential  for  the  success  of  the  implant.  Generally,  cell  adhesion  is  promoted  through 
nonspecific  interactions  (e.g.  topography,  wettability  or  charge)  but  may  also  occur  via 
specific motifs. Thus, the minimal recognition motif for  integrins (RGD) was coupled to the 
silk  protein.  One  strategy  involved molecular  biological methods  in  which  a  linear  RGD 
sequence (GRGDSPG) was introduced into the eADF4(C16) sequence, while another method 
employed the chemical coupling of a cyclic RGD peptide (c(RGDfK)) to an cysteine‐containing 
variant  (ntagCysC16).  In  comparison  to  eADF4(C16)  films,  RGD  functionalized  silk  films 








One reason  for the reduced adhesion of  fibroblasts to eADF4(C16)  films  is the minimal 
roughness of the films’ surface, which hinders the physical anchoring of the cells. Therefore, 
in  the  second part of  this dissertation,  the physiochemical  characteristics of  the  silk  films 
were  altered  in  order  to  influence  nonspecific  interactions  between  cells  and materials. 
Structured  silk  films with  parallel  grooves were  produced  by micromolding  in  capillaries 
(MIMIC)  in  order  to  introduce  surface  topography.  Cell  adhesion  to  these  films  was 
significantly higher  in comparison to smooth eADF4(C16) films. The  long range micrometer 
structure also enabled alignment of the cells along the pattern. To  increase the stability of 
the  silk  films,  the  negatively  charged  spider  silk  protein was  used  in  combination with  a 
positively charged recombinant lacewing egg stalk protein, N[AS]8C. These two protein types 
were an  ideal  combination  for producing mechanically  stable  structured  silk  films. Due  to 
minimal  cell  adhesion  to  N[AS]8C  surfaces,  the  adhesion  and  proliferation  of  BALB/3T3 
fibroblasts and C2C12 myoblasts could be confined to the spider silk surface upon which the 
cells were aligned parallel to the groove axis. 
In addition  to  introducing  surface  structure  to  silk  films,  the wettability of eADF4(C16) 
films could also be adjusted. Due to the amphiphilic nature of the recombinant proteins used 
in this study, the wettability of eADF4(C16) films could be influenced by changing the specific 
interface  (protein‐substrate  surface).  The water  contact  angle  of  the  surface  of  silk  films 
could be adjusted from 39 to 113° depending upon the hydrophobic and hydrophilic model 




In general, various possibilities  for  controlling  cell adhesion on eADF4(C16)  films were 
analyzed.  The  interactions  between  cells  and  silk  surfaces were  improved  by  introducing 
specific  signals  as well  as  through  targeted  controlling of nonspecific  interactions. Due  to 














faszinierenden mechanischen  Eigenschaften  der  Seide  liegt  dabei  jeweils  eine  spezifische 
Kristallinität  zu  Grunde.  Diese  wird  durch  Überstrukturen  (z.B.  coiled  coils,  cross‐  oder 
parallel‐aus  einem,  je  nach  Aminosäuresequenz,  dominierenden  Sekundärstruktur‐
element hervorgerufen (Lintz und Scheibel 2013).  
Seiden  von  Bienen,  Ameisen  und Hornissen  zeigen  ein  hohe  Elastizität  und  enthalten 
Proteine, welche sich zu umeinander windenden ‐helikalen Strängen, sogenannten coiled 
coils,  zusammenlagern  (Sutherland, Weisman  et  al.  2012).  Seiden,  in  denen  ‐Faltblätter 
senkrecht  zur  Faserachse  ausgerichtet  vorliegen  (cross‐),  sind  relativ  selten  vorzufinden. 
Durch  deren  spezielle  Anordnung  in  der  Faser  zeigen  diese  Seidenarten  eine  hohe 
Biegesteifheit  und  Elastizität.  Produziert  werden  diese  cross‐basierenden  Seiden  unter 
anderem von Wasserkäfern, Glühwürmchen, Rüsselkäfern und Florfliegen (Weisman, Okada 
et al. 2009). Der weitaus größere Teil der  Seiden  ist  von ‐Faltblättern dominiert, welche 
entlang der Faserachse ausgerichtet sind. Dieser Seidentyp weist  in der Regel eine höhere 
Zugfestigkeit auf und wird sowohl von  Insekten als auch von Spinnentieren produziert. Die 




der  bekanntesten  Seiden.  Im  Gegensatz  zu  anderen  Gliedertieren,  stellen  Spinnen  für 













goldene  Seidenspinne  Nevila  clavipes  können  bis  zu  sieben  verschiedene  Seidenarten 
produzieren  (Vollrath  und  Knight  2001).  Diese  unterscheiden  sich  zum  Teil  stark  in  ihrer 
Zusammensetzung  sowie  in  den mechanischen  Eigenschaften  und  sind  jeweils  nach  der 
Drüse,  in  der  sie  gebildet  werden,  benannt  (Guerette,  Ginzinger  et  al.  1996).  Für  den 
Netzbau verwenden Radnetzspinnen fünf verschiedene Seidentypen (Abbildung 1).  
 
Abbildung  1:  Darstellung  der  sieben  verschiedenen  Seidenarten  weiblicher  Radnetzspinnen.  (1) 







Einer  der  Hauptbestandteile  eines  Radnetzes  ist  die  Dragline‐Seide  (engl.  dragline  = 
Schleppseil). Die Proteine werden  in der großen Ampullendrüse (Major ampullate) gebildet 
und  die  Fasern  aufgrund  der  hohen  Zugfestigkeit  für  den  Rahmen  und  die  Speichen  des 
Netzes  verwendet.  Außerdem  dient  die  Dragline‐Seide  der  Spinne  als  Abseil‐  und 
Sicherungsfaden,  zum  Beispiel  um  Feinden  zu  entkommen  (Aprhisiart  und  Vollrath  1994; 
Gosline, Pollak et al. 1994; Vollrath und Porter 2006). 






gebildet werden.  Diese  Seidenart  hat  eine  ähnliche  Zusammensetzung wie  die  Dragline‐
Seide  (Tillinghast  und  Townley  1994;  Riekel  und Vollrath  2001; Dicko,  Knight  et  al.  2004; 
Humenik, Scheibel et al. 2011).   
Die Piriform‐Seide  dient zur Verklebung von Dragline‐Seide, Minor Ampullate‐Seide  und 
Flagelliform‐Seide  untereinander  sowie  zur  Befestigung  des  Radnetzes  an  diversen 
Oberflächen  (Zweige, Wände,  etc.)  (Hajer  und  Rehakova  2003; Heidebrecht  und  Scheibel 
2013).  Um  die  Beute  an  der  Flucht  zu  hindern,  wird  die  Fangspirale  zusätzlich  mit  der 
Aggregatseide beschichtet, welche aus einer Mischung kleiner hygroskopischer Peptide und 
klebriger  Glykoproteine  besteht  (Tillinghast  und  Townley  1994).  Zum  Schutz  ihres 
Nachwuchses verwenden weibliche Radnetzspinnen  zwei weitere Seidenarten:  zum einem 
die Tubiliform‐Seide, welche die Kokonschale bildet und als physikalische Barriere z.B. gegen 




Im  Fall  des  Abseilfadens  von  Radnetzspinnen  führt  die  Kombination  von  hoher 






al.  1999; Heidebrecht  und  Scheibel  2013). Diese  exzellenten mechanischen  Eigenschaften 
basieren auf der molekularen Struktur und dem hierarchischen Aufbau, welcher drei Ebenen 
struktureller Ordnung wiederspiegelt  (Nova,  Keten  et  al.  2010;  Lintz  und  Scheibel  2013). 
Übergeordnet  ist eine Kern‐Schale Struktur  zu erkennen, wobei  sich die Hülle aus Lipiden, 
Glykoproteinen und der Minor Ampullate‐Seide (MiSp) zusammensetzt (Frische, Maunsbach 






Abbildung  2:  Schematischer Aufbau der Dragline‐Seide. Übergeordnet  ist eine Kern‐Schale  Struktur  zu 
erkennen. Der semikristalline  fibrilläre Kern wird aus mindestens zwei Spidroinen der großen Ampullendrüse 
(MaSp1  und MaSp2)  gebildet.  Die  Fibrillen  bestehen  aus  kristallinen  Bereichen, welche  in  einer  amorphen 
Matrix eingebettet sind.    
 
Diese  semikristallinen  Fibrillen  werden  aus  hochgeordneten  nanokristallinen  Bereichen, 
welche  in  einer  amorphen Matrix  eingebettet  sind,  gebildet  (van  Beek, Hess  et  al.  2002; 
Papadopoulos,  Solter  et  al.  2009).  Kernspinresonanzspektroskopie  und  Röntgenbeugungs‐
analysen zeigten, dass sich die Kristalle aus antiparallelen β‐Faltblättern zusammenlagern und 
eine Größe von  ca. 2  x 5  x 7 nm aufweisen  (Kummerlen, van Beek et al. 1996; Simmons, 
Michal et al. 1996; Riekel, Muller et al. 1999; van Beek, Hess et al. 2002). Die kristallinen 
Bereiche  haben  einen  Anteil  von  11‐35%  am  Gesamtvolumen  des  Fadens,  wirken  als 
multifunktionelle Quervernetzer und sind somit für die hohe Zugfestigkeit der Dragline‐Seide 






Diese  ist  durch  die  amorphe  Matrix  aus  ‐Schleifen,  ‐Spiralen,  31‐Helices,  sowie 
ungeordneten ‐Faltblättern gegeben (Smith und Scheibel 2013).  
 
Abbildung  3:  Schematischer  Aufbau  der  MA‐Spidroine.  Gezeigt  ist  sowohl  der  generelle  Aufbau  der 
Proteine  als  auch  deren  unterschiedliche  Aminosäuremotive  und  korrenspondierende 
Sekundärstrukturelememte.                                                                                                                                  
 
Der Kern des Abseilfadens besteht  aus mindestens  zwei Proteinklassen, den  sogenannten 
Spidroinen  (Sp),  die  in  der  großen  Ampullendrüse  (Major  Ampullate,  MA)  gebildet  und 
MaSp1 und MaSp2 genannt werden. Die beiden Proteinklassen unterscheiden sich  jeweils in 
Hydrophobizität  und  Prolin‐Gehalt.  Die  beiden  Spidroine  der  europäischen 
Gartenkreuzspinne (Araneus diadematus Fibroin (ADF) 3 und 4) sind infolge des hohen Prolin 
Gehaltes  von  etwa  16%  beide MaSp2  Analoga,  zeigen  hinsichtlich  ihrer  Hydrophobizität 




Dennoch weisen MA‐Spidroine mehrere  Gemeinsamkeiten  auf  (Abbildung  3).  Zum  einen 
weisen sie einen hoch repetitiven Kern auf, der von relativ kurzen, nicht repetitiven Termini 
(NR)  flankiert  ist.  Zum  anderen  zeigen  Spidroine  ein  hohes Molekulargewicht  von  200  – 
350 kDa und die repetitiven Kernregionen bestehen in beiden Fällen aus bis zu 50% aus den 






welche  90%  der  Gesamtproteinsequenz    darstellt,  wird  von  sich  bis  zu  100‐fach 
wiederholenden Modulen aus etwa 20‐40 Aminosäuren (AS) gebildet (Guerette, Ginzinger et 
al. 1996; Hayashi, Blackledge et al. 2004). Diese Module wiederum setzen sich aus Blöcken 








als  auch  die  Aminoterminale  (NRN)‐Domäne  sind  innerhalb  von  MA  Spidroinen 
speziesübergreifend hoch konserviert (Motriuk‐Smith, Smith et al. 2005; Rising, Hjalm et al. 
2006; Garb, Ayoub et al. 2010). Es handelt sich bei beiden Termini um dimerisierungsfähige 




Biokompatibilität und Bioabbaubarkeit  in den  Fokus der  Forschung  gerückt. Um  Seide  für 
unterschiedliche Anwendungen nutzen  zu  können,  sind  ausreichende Mengen notwendig. 
Die  Zucht  von  Spinnen  ist,  im  Gegensatz  zum  Seidenspinner  B.  mori,  aufgrund  des 
kannibalischen und territorialen Verhaltens der Tiere nicht realisierbar (Fox 1975). Ferner ist 
die Gewinnung der Seide sehr zeitaufwendig und nicht in großem Maßstab durchführbar. Da 
zusätzlich die  Seidenqualität der  Spinnen durch Umwelteinflüsse, wie  z.B.  ihre Ernährung, 










Um  Spinnenseidenproteine  rekombinant  herzustellen, wurden  prinzipiell  zwei  Routen 
etabliert.  Zum  einen  konnten  natürliche  Spinnenseidengene  in  unterschiedlichen 
Wirtsorganismen (Prokaryoten aber auch Eukaryoten) exprimiert werden (Heidebrecht und 
Scheibel  2013).  Dabei  traten  jedoch  verschiedene  Probleme  auf,  welche  durch 
unterschiedliche  codon  usage  der  Spinnen  und  Prokaryoten  zu  einer  Reduzierung  der 
Proteinausbeute  führten.  Zusätzlich  wurden  polydisperse  Proteine  mit  unterschiedlichen 






die  von  natürlichen  Spinnenseidenproteinen  abgeleitet  wurden.  Basierend  auf  den 
Konsensussequenzen  der  natürlichen  Proteine  können  so  bezüglich  codon  usage  und 
Proteinlänge optimierte Gene designt werden (Vendrely und Scheibel 2007). Obwohl die so 
hergestellten Proteine  in Aminosäuresequenz und Größe zu den natürlichen nicht  identisch 
sind,  besitzen  sie  trotzdem  deren  wesentliche  Merkmale,  wie  z.B.  intrinsisch  entfaltete 















Seidenart  Ursprung  MW [kDa] Wirtsorganismus  Referenzen 
MaSp1  L. hesperus  N/A  S. typhimurium  (Widmaier, Tullman‐Ercek et al. 
2009; Widmaier und Voigt 2010) 
  N. clavipes  100‐285  E. coli  (Xia, Ki et al. 2010) 
  N. clavipes  15‐26  E. coli  (Winkler, Szela et al. 1999; Szela, 
Avtges et al. 2000) 
  N. clavipes  45‐60  E. coli  (Bini, Foo et al. 2006; Wong Po 
Foo, Patwardhan et al. 2006; 
Huang, Wong et al. 2007) 
  N. clavipes  10‐20  E. coli  (Fukushima 1998) 
MaSp2  A. aurantia  63‐71  E. coli  (Brooks, Stricker et al. 2008; Teulé, 
Cooper et al. 2009) 
  N/A  31‐112  E. coli  (Lewis, Hinman et al. 1996) 
MaSp2/Flag  N. clavipes  58, 62  E. coli  (Teule, Furin et al. 2007) 
MaSp1 &  L. hesperus  14  E. coli  (Hagn, Thamm et al. 2011) 
MaSp2  N. clavipes  20‐56  E. coli  (Arcidiacono, Mello et al. 2002; 
Mello, Soares et al. 2004) 
  N. clavipes  N/A  B. subtilis  (Fahnestock 1994) 
  N. clavipes  55, 67  E. coli  (Brooks, Nelson et al. 2008) 
  N. clavipes  15‐41  E. coli  (Prince, Mcgrath et al. 1995) 
  N. clavipes  65‐163  E. coli  (Fahnestock und Irwin 1997) 
ADF3, ADF4  A. diadematus  34‐106  E. coli  (Huemmerich, Helsen et al. 2004; 
Schmidt, Romer et al. 2007) 
ADF1‐ADF4  A. diadematus  25‐56  S. typhimurium  (Widmaier, Tullman‐Ercek et al. 
2009; Widmaier und Voigt 2010) 
Flag  N. clavipes  N/A  S. typhimurium  (Widmaier, Tullman‐Ercek et al. 
2009; Widmaier und Voigt 2010) 
  N. clavipes  14‐94  E. coli  (Vendrely, Ackerschott et al. 2008; 
Heim, Ackerschott et al. 2010) 
  N. clavipes  25  E. coli  (Zhou, F. et al. 2001) 





eine Nukleotidsequenz  übersetzt. Das  daraus  entstehende Modul  (C‐Modul)  kann mittels 
einer  nahtlosen  Klonierungsstrategie  multimerisiert  und  in  einen  Expressionsvektor 
transformiert  werden  (Huemmerich,  Helsen  et  al.  2004).  Diese  naturähnlichen 







das  C‐Modul  16  mal  wiederholt  wurde,  entspricht  dabei  einer  artifiziellen  Version  des 
repetitiven Kernbereichs von ADF4 ohne Berücksichtigung der terminalen Domänen und  ist 
vergleichbar  mit  einem  Multiblockcopolymer  aus  Polyalanin  Blöcken  und  Glycin‐reichen 
Bereichen  (Abbildung 4).  
 
Abbildung  4:  Aufbau  des  rekombinanten  Spinnenseidenproteins  eADF4(C16).  Basierend  auf  dem 
repetitiven  Kernbereich  des  Dragline‐Seidenproteins  ADF4  der  europäischen  Gartenkreuzspinne 






Natürliche  Spinnenseide  ist  biokompatibel,  bioabbaubar  und  hypoallergen.  Diese 
Eigenschaften  machten  sich  die  Menschen  schon  in  der  Vergangenheit  zu  Nutze.  Da  
Spinnennetze  dazu  in  der  Lage  sind  Blutungen  von  Wunden  zu  stoppen  und  den 


















Änderung  der  Temperatur,  des  pH‐  Wertes,  Salz‐Zugabe  oder  auch  durch  Scherkräfte 
gesteuert.  Da  eADF4(C16)  vereinfacht  als  amphiphiles,  negativ  geladenes  Multiblock‐
copolymer  betrachtet  werden  kann,  wird  im  Folgenden  kurz  die  Assemblierung  von 
Blockcopolymeren beschrieben.  
1.3.2.1.1 Selbstorganisation von Blockcopolymeren 
In  Blockcopolymeren  sind  zwei  Segmente  unterschiedlicher  Löslichkeit  kovalent 
miteinander  verbunden.  Die  dadurch  entstehende  Entmischungstendenz  ist  durch  die 
kovalente  Bindung  zwischen  den  hydrophilen  und  hydrophoben  Blöcken  nur  auf  der 
Längenskala der Moleküle möglich und es kommt zu einer Mikrophasenseparation (Förster 
und Plantenberg 2002; Darling 2007; Rabotyagova, Cebe et al. 2011). Die Selbstorganisation 
findet sowohl  in Lösung, als auch  in  lyotropen  flüssigkristallinen sowie  festen Phasen statt 
(Förster und Plantenberg 2002).  
In  verdünnten  Lösungen  bilden  amphiphile  Blockcopolymere  sphärische  oder 
zylindrische  Mizellen  oder  Vesikel  (Darling  2007;  Kita‐Tokarczyk,  Junginger  et  al.  2011). 
Durch  die  chemische  Struktur  der  Blockcopolymere  kann  die  Selbstassemblierung  dabei 
sowohl  in  polaren  (z.B.  Wasser)  als  auch  in  unpolaren  Lösungsmitteln  (z.B.  Silikonöl) 
erfolgen.  Lyotrope  flüssigkristalline  Phasen  von  Blockcopolymeren  werden  durch  eine 
Erhöhung  der  Konzentration  erreicht. Dabei  können  unter  anderem  kubische  Phasen mit 
sphärischen Mizellen  und  hexagonal  angeordneten  zylinderförmigen Mizellen  beobachtet 
werden (Förster, Berton et al. 2001; Förster und Plantenberg 2002).  
Auch  in festen Phasen führt die Entmischungstendenz der beiden unterschiedlichen Blöcke 





gebildet werden  können. Darunter  sind  unter  anderem  kubisch  innenzentriert  (fcc)  ‐  und 
kubisch  flächenzentriert  (bcc)  angeordnete  Sphären,  hexagonal  gepackte  Zylinder  und 
Lamellen  möglich  (Förster  und  Plantenberg  2002).  Die  Phasenseparation  wird  dabei  im 
Wesentlichen vom Polymerisationsgrad N, dem relativen Anteil f der Blöcke im Polymer und 
dem  temperaturabhängigen Flory‐Huggins Parameter  χAB bestimmt  (Bates und Fredrickson 
1990;  Fredrickson  und  Bates  1996).  Der  Flory‐Huggins  Parameter  stellt  ein Maß  für  die 
Unverträglichkeit der beiden Blöcke dar. Je größer sein Wert, desto größer ist das Bestreben 
zur Mikrophasenseparation. Der durch die Phasenseparation hervorgerufene Entropieverlust 
hat bei höherem Polymerisationsgrad einen  geringeren Einfluss  (Rabotyagova, Cebe  et al. 
2011).  Deshalb  bestimmt  das  Produkt  aus  dem  Flory‐Huggins  Parameter  und  dem 
Polymerisationsgrad das Ausmaß der Separation (Fredrickson und Bates 1996). Der relative 






supermolekulare  Struktur  eines  makromolekularen  Assemblates  auch  durch  die 
Sekundärstrukturelemente  des  Proteins  bestimmt  (Branco  und  Schneider  2009; 
Rabotyagova,  Cebe  et  al.  2011).  Die  Phasenseparation  und  Sekundärstruktur  der 











1996;  Vollrath  und  Knight  2001;  Eisoldt,  Smith  et  al.  2011).  Durch  physiko‐chemische 
Veränderungen (Wasserentzug, Austausch von chaotropen Natrium‐ und Chloridionen gegen 
kosmotrope Kalium‐ und Phosphationen, Absenkung des pH‐Wertes sowie das Auftreten von 
Scherkräften)  wird  ein  Phasenübergang  (flüssig‐fest)  induziert  und  ein  Seidenfaden  mit 
hochgeordneten Strukturen gebildet (Eisoldt, Smith et al. 2011).  
Aber auch im Fall des rekombinanten Spinnenseidenproteins eADF4(C16) kann man sich 
die  amphiphilen  Eigenschaften  zu  nutze machen.  Stellt man  Emulsionen  einer wässrigen 
Proteinlösung  in  einer  Öl‐Phase  her,  assembliert  eADF4(C16)  an  der  Grenzfläche 
(Hermanson, Harasim et al. 2007; Hermanson, Huemmerich et al. 2007). Durch zusätzliche 
Induzierung  von ‐Faltblatt  Strukturen  (z.B.  durch  Ethanol Behandlung)  können  so  stabile 
Kapseln  hergestellt  werden,  welche  unter  anderem  dafür  verwendet  werden  biologisch 









Nukleationskeime,  welche  zu  kugelförmigen  Strukturen  heranwachsen  bis  das 
Löslichkeitsgleichgewicht  erreicht  ist.  Die  Größe  der  resultierenden  Partikel  kann  dabei 
durch die Proteinkonzentration und die Mischgeschwindigkeit in einem Bereich von 200 nm 
– 3 µm beeinflusst werden (Slotta, Rammensee et al. 2008; Blüm und Scheibel 2012). Da die 
Partikel  sowohl  mit  wasserunlöslichen  als  auch  wasserlöslichen  niedermolekularen 
Wirkstoffen  beladen  werden  können,  ist  ein  Einsatz  im  Bereich  des  kontrollierten 






Werden  zu  einer  wässrigen  eADF4(C16)  Lösung  kosmotrope  Salze  in  geringen 
Konzentrationen  (<  300  mM)  zugegeben,  entstehen  Nanofibrillen  (Rammensee, 
Huemmerich  et  al.  2006). Dabei wird  die  Coulombsche Abstoßung  durch Maskierung  der 
negativ  geladenen Glutamate  reduziert, wodurch  die  Interaktion  zwischen  den  Proteinen 
erhöht wird. Nach Bildung von Oligomeren bis zur kritischen Größe eines Nukleationskeims 
wachsen durch Anlagerung von weiteren Monomeren Fibrillen (Rammensee, Huemmerich et 
al.  2006;  Slotta, Hess  et  al.  2007;  Slotta,  Rammensee  et  al.  2008; Humenik  und  Scheibel 
2014).   
Hydrogele  stellen  eine  der  größten  durch  Selbstassemblierung  von  eADF4(C16) 
gebildeten Strukturen dar und bestehen aus dreidimensionalen Netzwerken von physikalisch 
quervernetzten Fibrillen (Rammensee, Huemmerich et al. 2006; Branco und Schneider 2009; 








das drop  casting. Dabei wird nach Gießen einer  Seidenproteinlösung  auf ein  Substrat das 
Lösungsmittel  verdampft. Während  der  Verdunstung  des  Lösungsmittels  und  einer  damit 
verbundenen Erhöhung der Proteinkonzentration kommt es  zu einer partiellen Separation 
der kristallisierbaren, Polyalanin‐reichen hydrophoben Bereiche von den hydrophilen Glycin‐
reichen Blöcken  (Mesophase mit  flüssig‐kristallinem Charakter)  (Hu,  Lu et al. 2009). Dabei 
bilden  die  hydrophoben  Polyalanin‐Bereiche  teilweise  bereits  ‐Faltblätter  aus. Durch  die 
steigende  Viskosität  wird  dieser  metastabile  Zustand  eingefroren,  weshalb  der  Film  zu 
diesem Zeitpunkt noch wasserlöslich  ist. Durch Nachbehandlung  (z.B. mit Kaliumphosphat) 
wird  das  gebundene  Wasser  entzogen  und  es  erfolgt  die  Bildung  von  inter‐  und 
intramolekularen  Wasserstoffbrücken,  welche  die  ‐Faltblattbildung  in  den  bislang  nicht 













wie  zum  Beispiel Hexafluoroisopropanol  (HFIP)  und  Ameisensäure  (formic  acid,  FA),  aber 
auch  aus  wässrigen  Lösungen  (wL)  und  ionischen  Flüssigkeiten  (IL)  hergestellt  werden 
(Gupta, Khokhar et al. 2007; Spiess, Ene et al. 2011).  Je nach verwendetem Lösungsmittel 
weisen  die  unbehandelten  Filme  unterschiedliche  Anteile  der  verschiedenen 
Sekundärstrukturelemente auf. So induziert HFIP in eADF4(C16) Filmen einen höheren Anteil 
an  ‐Helices, während  Ameisensäure  einen  größeren  ‐Faltblattanteil  hervorruft  (Spiess, 
Ene et al. 2011).  In nachbehandelten Filmen  ist der ‐Faltblattanteil   hingegen unabhängig 
vom zuvor verwendeten Lösungsmittel und Nachbehandlungsmethode immer gleich, da der 
thermodynamisch günstigste Zustand erreicht wurde. Die Nachbehandlung von Seidenfilmen 
kann  wahlweise  mittels  Alkohol  (Methanol,  Ethanol,  etc.),  kosmotropen  Salzen 
(Kaliumphosphat, Ammoniumsulfat, etc.), Temperaturerhöhung oder Wasserdampf erfolgen 
(Hu, Shmelev et al. 2011; Spiess, Ene et al. 2011). 
Anwendungen  von  Seidenfilmen  als  Biomaterial  sind  im  Bereich  von  Wundauflagen, 
Implantatbeschichtungen  und  des  kontrollierten Wirkstofftransports  zu  finden  (Hofmann, 
Foo  et  al.  2006;  Jiang, Wang  et  al.  2007; Wang,  Hu  et  al.  2007;  Liu, Miao  et  al.  2010; 
Pritchard,  Valentin  et  al.  2011).  Des Weiteren  können  Seidenfilme  als  Trägermaterial  für 
ultradünne  elektronische  Implantate  dienen  (Kim,  Viventi  et  al.  2010).  Durch  Nano‐  und 










Die  Herstellung  solcher  strukturierter  Seidenfilme  kann  durch  diverse  Methoden 
erfolgen.  Die meisten  erfordern  als  erstes  die  Herstellung  einer Matrize,  welche mittels 
Foto‐,  Elektronenstrahl‐  oder  Ionenstrahllithographie  produziert wird. Mit  dieser Matrize 
wird  anschließend  ein  Polydimethylsiloxan  (PDMS)  Stempel  erzeugt,  der  alternativ  auch 
durch kontrollierte Faltenbildung (wrinkling) hergestellt werden kann (Pretzl, Schweikart et 
al.  2008; Qin,  Xia  et  al.  2010). Die  eigentliche Herstellung  des  strukturierten  Seidenfilms 
erfolgt  anschleißend  durch  soft  lithography  Techniken.  Zum  einem  können  Proteine mit 
microcontact  printing  (μCP)  auf  die  gewünschte  Oberfläche  übertragen  werden,  zum 
anderen können die Filme auch mittels Mikroabformung (micro‐molding) hergestellt werden 
(Qin,  Xia  et  al.  2010).  Letzteres  kann  durch  Lösungsmittel  unterstütztes  (solvent‐assisted 






unterschiedlichen  Faserdurchmessern  (einige  Nanometer  bis  wenige  Mikrometer) 
kostengünstig  hergestellt  werden  (Frenot  und  Chronakis  2003).  Infolge  des  Extrudierens 
einer Seidenlösung durch eine Spritze und Anlegen einer Spannung  in der Größenordnung 
von  mehreren  Kilovolt  bildet  sich  an  der  Nadelspitze  ein  kegelförmiger  Tropfen  (Taylor 
Konus) und ein dünner Strahl  löst sich, welcher zur Gegenelektrode beschleunigt wird. Auf 
dem Weg zur Kollektorplatte verdampft das Lösungsmittel und die Fasern können als Vlies 
gesammelt  werden  (Huang,  Zhang  et  al.  2003;  Wohlrab,  Thamm  et  al.  2014).  Der 
Faserdurchmesser kann mittels Konzentration und Viskosität der Lösung, Salzgehalt, Abstand 
zur Gegenelektrode, Oberflächenspannung des Lösungsmittels, Temperatur, Luftfeuchtigkeit 





Heikkila  und  Harlin  2008;  Wohlrab,  Thamm  et  al.  2014).  Um  eine  kontinuierliche 
Faserbildung zu garantieren, muss die Konzentration der Proteinlösung hoch genug sein, um 
bereits  in  der  Spinnlösung  eine  Verschränkung  der  Proteine  zu  gewährleisten  (Chengjie, 
Zhengzhong et al. 2009). Auf diese Weise wurden unterschiedliche Seiden, wie zum Beispiel 
die  Seide  des  Seidenspinners  B.  mori,  regenerierte  N.  clavipes  Dragline‐Seide  und 












































Um  scaffolds  für  die  Knochenregeneration  zu  entwickeln,  wurden  zum  einen 
Fusionsproteine  aus  Seide  (N.  clavipes  Dragline‐Seide)  und  Siliziumdioxid  bindenden 
Peptiden (R5: SSKKSGSYSGSKGSKRRIL; A1: SGSKGSKRRIL; Si4‐1: MSPHPHPRHHHT) produziert. 
Zum anderen wurde basierend auf MaSp1 von N. clavipes ein Fusionsprotein mit dem Dentin 





Zur  Entwicklung  von  Gentransfersystemen,  welche  im  Zuge  der  Gentherapie  einen 
Nukleinsäuretransfer  durch  die  Zellmembran  ermöglichen  sollen,  wurden  Seidenproteine 




die  vergleichbar  mit  dem  kommerziellen  Reagenz  Lipofectamine  2000  ist  (Numata  und 
Kaplan 2010).   
Da  die  Interaktion  von  Zellen  mit  unterschiedlichen  Materialoberflächen  für 
biomedizinische  Anwendungen  von  großer  Bedeutung  ist,  wurden  eine  Reihe  von 
Fusionsproteinen  aus  Spinnenseidenproteinen  und  Zelladhäsionssequenzen  (z.B.  RGD) 
entwickelt (Bini, Foo et al. 2006; Morgan, Roskov et al. 2008). Da diese Art der  Integration 
auf  lineare  RGD  Sequenzen  beschränkt  ist,  cyclische  RGD  Peptide  jedoch  eine  höhere 
Selektivität  aufweisen,  wurde  auch  eine  chemische  Modifikation  getestet  (Dunehoo, 
Anderson  et  al.  2006;  Heckmann  und  Kessler  2007;  Mas‐Moruno,  Rechenmacher  et  al. 
2010).  
1.3.2.2.2 Chemische Modifikation 
Durch  chemische  Funktionalisierung  ist  es  möglich  eine  große  Vielfalt  an  Molekülen 
kovalent  mit  Seidenproteinen  zu  verknüpfen  (Wohlrab,  Thamm  et  al.  2014).  Obwohl 
rekombinante  Spinnenseidenproteine  drastische  Reaktionsbedingungen  (z.B.  organische 





Anwendungen  die Modifikationen  in wässrigen  Lösungen  und möglichst  ohne  Zusatz  von 
toxischen  Substanzen  ablaufen  (Sletten  und  Bertozzi  2009).  Trotz  der  Tatsache,  dass 
Seidenproteine bis zu 50% aus den nicht‐reaktiven Aminosäuren Alanin und Glycin bestehen, 
erlauben Glutaminsäure und Tyrosin dennoch spezifische chemische Modifikationen. Da sie 
des  Weiteren  in  wässrigen  Lösungen  intrinsisch  ungefaltet  vorliegen,  ist  deren 
Funktionalisierung oftmals leichter als die globulärer Proteine (Vendrely und Scheibel 2007; 
Humenik, Smith et al. 2011; Wohlrab, Thamm et al. 2014).  
Generell  ist  die  chemische  Modifikation  von  rekombinanten  Spinnenseidenproteinen 
sowohl  in  wässrigen  Lösungen  als  auch  nach  der  Prozessierung  in  verschiedene 
Morphologien  möglich  (Abbildung  7  A).  Durch  Modifikation  der  Seitenkette  von 
Glutaminsäure  ist  es möglich  neben  kleinen  organischen Molekülen wie  Fluorescein  auch 
biologisch  aktive  Makromoleküle  wie  Enzyme  auf  eADF4(C16)  Filmen  zu  immobilisieren 
(Wohlrab,  Thamm  et  al.  2014).  Auf  diese  Weise  konnte  nach  Aktivierung  der 
Carboxylgruppen  (eine  pro  repetitive  Einheit  sowie  der  C‐Terminus)  mit  1‐Ethyl‐3‐(3‐
dimethylaminopropyl)carbodiimid  /  N‐Hydroxysuccinimid  (EDC/NHS)  das  Enzym 
‐Galaktosidase erfolgreich gekoppelt werden (Huemmerich, Slotta et al. 2006). Da oftmals 
nur ein Target pro Protein erwünscht  ist und eADF4(C16) keine weiteren primären Amine 
enthält,  kann  durch  die  einstufige  Reaktion  mit  N‐Hydroxysuccinimid  aktivierten 
Carbonsäuren  (NHS‐Ester) eine  spezifische  Funktionalisierung des Aminoterminus erfolgen 
(Schacht  und  Scheibel  2011;  Humenik  und  Scheibel  2014).  Zur  Erweiterung  des 
Reaktionsspektrums,  wurde  durch  Einführung  eines  kurzen  tags  (GCGGSGGGGSGGGG, 
ntagCys) eine Cystein beeinhaltende Variante (ntagCysC16) von eADF4(C16) hergestellt (Spiess, 
Wohlrab  et  al.  2010).  Neben  der  Möglichkeit  mit  Thiolen  redox‐sensitive  und  somit 
reversible  kovalente  Bindungen  zu  erzeugen,  kann  des  Weiteren  mittels  Maleimid  eine 
spezifische  und  effektive  Verknüpfung  von  Protein  und  Zielmolekül  erfolgen.  Bei  der 
Reaktion von Cysteinen mit Maleimid bildet sich mittels einer Michael‐analogen Addition an 
das , ‐ ungesättigte System des  Maleimids ein stabiler Thioether  (Heitz, Anderson et al. 









Abbildung  7:  Chemische  Modifikation  von  rekombinanten  Spinnenseidenproteinen.  (A)  Die 
Funktionalisierung  kann  sowohl  in  Lösung  als  auch  an  prozessierten  Morphologien  erfolgen.  (B)  Die 
Modifikation  von  eADF4(C16)    kann  einerseits mittels NHS‐Estern  am N‐Terminus  erfolgen  (1),  andererseits 
können Carboxylgruppen nach  EDC/NHS Aktivierung mit  verschiedenen primären Aminen  reagieren  (2). Die 
Thiolgruppe  in ntagCysC16  kann mittels Maleimid  funktionalisiert werden  (3)  (Wohlrab,  Thamm  et al. 2014). 








Florfliegenseidenproteine  rekombinant  produziert.  Im  Gegensatz  zu  anderen  Insekten, 
welche  ausschließlich  einen  Seidentyp  produzieren,  sind  Florfliegen  (Chrysopidae)  in  der 
Lage  zwei Arten  von  Seide  herzustellen.  Zum  einem  spinnen  die  Larven  einen  Kokon  aus 








vor Fraßfeinden wie etwa Ameisen geschützt  zu  sein  (Lintz und Scheibel 2013; Smith und 
Scheibel 2013).  
Im Fall der Gattung Mallada signata sind im Eierstiel zwei Proteine (MalXB1 (86 kDa) und 
MalXB2  (55  kDa))  identifiziert worden  (Weisman, Okada  et  al.  2009;  Bauer  und  Scheibel 
2012).  Beide  Proteine  setzen  sich  aus  einem  hoch  repetitiven  Kern  (reich  an  Serin  und 








Der  Eierstiel  von  Florfliegen  war  eines  der  ersten  Beispiele  von  Seiden  mit  cross‐ 
Struktur  (Geddes,  Parker  et  al.  1968).  Röntgenbeugungsanalysen  zeigten,  dass  sich  die 
‐Faltblätter zu  ca. 2,5 nm großen Kristallen zusammenlagern. Diese Nanokristalle bestehen 
aus  mit  ‐Schleifen  verbundenen  acht  Aminosäuren  langen,  antiparallelen  ‐Strängen 
(Geddes,  Parker  et  al.  1968;  Weisman,  Okada  et  al.  2009).  Durch  die  Anordnung  der 
‐Faltblätter  senkrecht  zur  Faserachse  und  deren  intra‐  und  intermolekularen 
Quervernetzung  mittels  Disulfidbrücken  ist  eine  hohe  Biegesteifheit  gegeben  (Weisman, 
Okada  et  al.  2009).  Des  Weiteren  wird  durch  Rekonfigurierung  von  cross‐  zu  parallel 
ausgerichteten ‐Faltblättern unter Dehnung, je nach Luftfeuchtigkeit, eine Dehnbarkeit von 
bis  zu  600%    erreicht  (Weisman, Okada  et  al.  2009;  Bauer,  Bertinetti  et  al.  2012). Diese 
Kombination der mechanischen Besonderheiten eröffnet den Florfliegenseiden eine Vielfalt 
an  Anwendungsmöglichkeiten.  Obwohl  im  Gegensatz  zu  Spinnen  eine  großtechnische 
Züchtung von Florfliegen möglich ist, ist die Gewinnung von Seide trotzdem sehr aufwendig. 
Um  eine  ausreichende  Menge  des  Proteins  für  weitere  Studien  zu  erhalten,  wurde  ein 
rekombinantes  Eierstiel‐Seidenprotein  entworfen  und  hergestellt.  Basierend  auf  dem 
repetitiven  Kernbereich  von MalXB2 wurde  eine  Konsensussequenz  aus  48  Aminosäuren 
(AS‐Modul) generiert. Durch Multimerisierung mittels einer nahtlosen Klonierungsstrategie 
und  anschließender  Ligation der  amino‐ und  carboxyterminalen Domänen wurde  ein Gen 
mit optimierter codon usage für eine Expression in E. coli generiert und das Protein N[AS]8C 
(MW  =  53  kDa)  erfolgreich  produziert  (Abbildung  9)  (Bauer  und  Scheibel  2012).  Die  aus 









repetitiven  Kernbereich  des  Eierstiel‐Seidenproteins  MalXB2  der  Florfliege  Mallada  signata  wurde  eine 







und Biomaterialien  in vivo  ist deshalb  in vielen Fällen die Abstoßung oder Einkapselung des 
Materials (Leal‐Egana, Diaz‐Cuenca et al. 2013). Interaktion, sowohl zwischen benachbarten 
Zellen  als  auch  zwischen  der  Extrazellulären  Matrix  (ECM)  und  Zellen,  wird  durch 
Zelladhäsionsmoleküle  (cell adhesion molecules, CAMs) vermittelt. Diese  lassen sich  in vier 






et  al.  2007).  Sie  verbinden  extra‐  und  intrazelluläre  Prozesse  durch  bidirektionale 






Matrix  kontrolliert.  Durch  ECM‐Bindung  werden  Signale  ins  Innere  der  Zelle  übertragen 
(outside‐in  signaling).  Auf  diese  Weise  werden  sowohl  Zellpolarität,  Proliferation, 
Genexpression  als  auch  die  Struktur  des  Cyctoskeletts  gesteuert  (Giancotti  und  Ruoslahti 
1999; Hynes 2002; Shattil, Kim et al. 2010; Wang, Li et al. 2013).  
1.5.1.1.1 Struktur und natürliche Liganden von Integrinen 
Integrine  sind  transmembrane  Zell‐Adhäsions‐Glykoprotein‐Rezeptoren,  die  aus  einem 
nicht  kovalent  verbundenen Heterodimer  einer   und  ‐ Untereinheit  gebildet werden 
(Ruoslahti und Pierschbacher 1987; Hynes 1999; Luo, Carman et al. 2007).  
 
Abbildung  10:  Aufbau  der  Integrine.  A)  Schematische Darstellung  der  Integrin  Struktur  in  der  aktiven 
Konformation. B) Überblick über die Klasse der Integrine. Durch Kombination aus 18   und 8  Untereinheiten 
können  24  verschiedene  Integrine  gebildet werden.  Die  RGD  Sequenz  erkennenden  Integrine  sind  hier  rot 
markiert. Modifiziert nach Hynes und Askari et al. (Hynes 2002; Askari, Buckley et al. 2009). 
 





der    Untereinheit  kann  in  folgende  Bereiche  unterteilt  werden:  eine  siebenblättrige 
‐Propellerdomäne und drei ‐sandwich Domänen  (thigh, calf‐1 und calf‐2)  (Campbell und 





während  die  anderen  eine  posttranslationale  Spaltungsstelle,  unweit  der 
Transmembran‐Region, aufweisen (Hynes 1992; van der Flier und Sonnenberg 2001; Moser, 
Legate  et  al.  2009;  Campbell  und  Humphries  2011).  Der  extrazelluläre  Bereich  der  ‐
Untereinheit  setzt  sich  aus  einer  ‐I  Domäne,  eingeschoben  in  eine  Hybrid  Domäne,  in 
welche  wiederum  eine  PSI  (Plexin‐Semaphorin‐Integrin)  Domäne    eingeschoben  ist, 
zusammen. Diesen drei Domänen  folgen vier Cystein‐reiche EGF  (epidermal growth  factor) 
Module, sowie eine ‐tail Domäne (‐TD) (Campbell und Humphries 2011).  In der ‐I‐, der 
‐Propeller‐ und der ‐I Domäne sind zusätzlich Bindungsstellen für zweiwertige Kationen zu 




mit  individueller  Spezifität  für  Ligandenbindung  und  Signaltransduktion  gebildet  werden  
(Abbildung 10 B) (Giancotti und Ruoslahti 1999; Hynes 2002; Dunehoo, Anderson et al. 2006; 
Barczyk,  Carracedo  et  al.  2010). Diese  24  Integrine  können wiederum  in  Integrinfamilien 
unterteilt werden. Die größten Familien sind die 1 Familie (12 Mitglieder), die V Familie (5 
Mitglieder) und die 2 Familie (4 Mitglieder).  
Die  Ligandenbindung  erfolgt mittels  des  globulären  Kopfstückes. Dieses  setzt  sich  aus 
dem ‐Propeller sowie der thigh Domäne der ‐Untereinheit und der ‐I‐, der Hybrid‐, sowie 
der  PSI‐Domäne  der  ‐Untereinheit  zusammen  (Askari,  Buckley  et  al.  2009).  Unter  den 
natürlichen  Liganden  sind  neben  Proteinen  der  extrazellulären  Matrix  und 
Zelloberflächenproteinen auch lösliche Integrinliganden, wie z.B. Matrix‐Metalloproteinasen 
(MMPs) (van der Flier und Sonnenberg 2001). Während einige Integrine nur einen Liganden 
binden,  z.B.  EanE‐Cadherin,  können  die  meisten  Integrine  mit  einer  Vielzahl  an 
Liganden interagieren. Zudem ist es vielen Liganden möglich an mehrere Integrine zu binden. 
Trotz  dieser  Vielfältigkeit  kann  man  Integrin‐Ligand  Kombinationen  in  vier  Kategorien 
einteilen: RGD (Arginin‐Glycin‐Aspartat) ‐ bindende Integrine (51, 81 und IIb3, sowie 








Tabelle 3: Auswahl an  Integrin‐Liganden Kombinationen. Die extrazellulären Liganden  lassen sich  in drei 
















































D2      ICAM‐3; VCAM‐1 




X2    Fibrinogen; iC3b   
47  Fibronektin    VCAM‐1; MAdCAM 




11  Kollagen; Laminin     
21  Kollagen; Laminin;   MMP‐1   
101  Kollagen     









61  Laminin     
71  Laminin     
64  Laminin     
Abkürzungen:  BSP  =  bone  sialo  protein;  Cyr61  =  cysteine‐rich  angiogenic  protein  61;  FX  = Gerinnungsfaktor  X;  ICAM  = 









Bedeutung  ist dies z.B.  für das  Integrin IIb3, welches auf der Zelloberfläche von  im Blut 
zirkulierenden  Thrombozyten  vorkommt.  Durch  Inaktivierung  wird  das  Binden  des 
Hauptliganden  (Fibrinogen)  und  somit  Thrombozyten‐Aggregation  und  Thrombus‐Bildung 
verhindert (Hynes 2002; Moser, Legate et al. 2009).  
Grundsätzlich  können  Integrine  drei  verschiedene  Konformationen  mit  jeweils 
unterschiedlicher Affinität annehmen: Eine gebogene Konformation mit niedriger Affinität, 
eine  ausgestreckte  Konformation mit  offenem  Kopfstück  und  hoher  Affinität,  sowie  eine 










(Abbildung  11)  (Lebaron  und  Athanasiou  2000;  van  der  Flier  und  Sonnenberg  2001; 
Schaffner und Dard 2003).  
Als  erstes  bindet  die  Zelle  über  physikalische  Wechselwirkungen  an  das  Substrat. 




verschiedener  Adapterproteine  induziert  (Lebaron  und  Athanasiou  2000).  Diese 
cyctoplasmatischen  Adapterproteine  können  auf  Basis  ihrer  Funktion  in  drei  Gruppen 
eingeteilt werden: 1) Proteine, die mit dem Cytoskelett verbunden sind und der Verankerung 





2) Signalmoleküle,  welche  verschiedene  Kinasen  wie  die  Fokaladhäsionskinase  (FAK) 
beinhalten;  3)  Calcium  bindende  Proteine, welche  vermutlich  bei  der  Integrin‐Aktivierung 
eine Rolle spielen, sowie Chaperone, die bei der korrekten Faltung der Integrine helfen (van 
der  Flier  und  Sonnenberg  2001;  Alberts,  Johnson  et  al.  2011).  Die  Bindung  von 
Adapterproteinen  und  clustern  der  Integrine  führen  zu  einer  Reorganisation  der  Aktin 
Filamente  in größere Stressfasern, deren Bildung wiederum das clustern der  Integrine und 
somit  die  Verstärkung  der  ECM  Bindung  begünstigt  (positive  Feedback  Kopplung).  Das 
Ergebnis sind Aggregate aus Cytoskelettproteinen,  Integrinen und ECM Proteinen, die auch 
als  fokale  Adhäsionen  bekannt  sind  (Giancotti  und  Ruoslahti  1999;  van  der  Flier  und 
Sonnenberg 2001) 
 
Abbildung  11:  Schematische  Darstellung  Integrin‐vermittelter  Zelladhäsion.  Diese  kann  in  vier 




Das  Tripeptid  RGD  als  minimales  Erkennungsmotiv  für  Integrine  wurde  1984  von 
Pierschbacher und Ruoslahti in Fibronektin identifiziert (Pierschbacher und Ruoslahti 1984). 
Kurze  Zeit  später  stellte  sich  heraus,  dass  viele  andere  Adhäsionsproteine,  wie  z.B. 
Fibrinogen,  Vitronektin,  Tenascin  und  Osteopontin  ebenfalls  diese  Erkennnungssequenz 
aufweisen  (Pierschbacher  und  Ruoslahti  1984;  Gartner  und  Bennett  1985;  Plow, 
Pierschbacher et al. 1985; Suzuki, Oldberg et al. 1985; Ruoslahti 1996). Neben dem Tripeptid 
RGD  sind  inzwischen weitere  die  Zelladhäsion  fördernde minimale  Erkennungssequenzen 






1998;  Shin,  Jo  et  al.  2003).  Trotzdem  bleibt  die  am meisten  erforschte  und  eingesetzte 
Zelladhäsionssequenz das RGD‐Peptid.  
Obwohl  8  von  24  Integrinen  RGD  erkennen,  sind  sie  trotzdem  in  der  Lage  zwischen 
verschiedenen  Liganden  mit  derselben  Erkennungssequenz  zu  unterscheiden  (Abbildung 
10 B)  (Ruoslahti  1996;  Barczyk, Carracedo  et al.  2010; Mas‐Moruno,  Rechenmacher  et  al. 
2010).    Diese  RGD‐reaktiven  Integrine  beinhalten  alle  eine  posttranslational  gespaltene 
‐Untereinheit ohne ‐I Domäne (Hynes 1992). Sie binden RGD an der Grenzfläche zwischen 
der ‐ und ‐Untereinheit am Kopfstück, wobei das Aspartat ein Kation  in der ‐I Domäne 
koordiniert  und  Arginin  mit  der  ‐Propellerdomäne  der  ‐Untereinheit  wechselwirkt 
(Humphries, Byron et al. 2006).  
Durch  Imitierung  der  Adhäsionsproteine  auf  zwei  verschiedene  Arten  sind  die 
Anwendungsbereiche  für  RGD‐Peptide  vielfältig.  Auf  der  Oberfläche  immobilisiertes  RGD 
fungiert  als  Agonist  der  ECM  und  fördert  Zelladhäsion.  Im  Gegensatz  dazu  wirken 




aufweist, muss  durch Design  der  Peptide  die  Selektivität  gegenüber  einzelnen  Integrinen 
erhöht  werden,  um  gezielte  Zellantworten  in  komplexen  Umgebungen  (z.B.  in  vivo)  zu 
erreichen.  (Healy  1999;  Hynes  2002;  Schaffner  und  Dard  2003).  Dies  spielt  im  Fall  von 










Abbildung  12: Design  von  synthetischen RGD‐Peptiden.  (A)  Integrine erkennen RGD‐Peptide durch die 
Triade  der  Seitenketten  des  Arginins,  des  Aspartats  sowie  des  Phenylalanins  und  den  damit  verbundenen 





Die  Spezifität  der  RGD‐Peptide  hängt  von  der  Konformation  des  Peptidrückgrats,  der 
Orientierung  der  geladenen  Aminosäuren  (Arginin  und  Aspartat)  und  den  benachbarten 
hydrophoben Resten ab (Schaffner und Dard 2003) (Abbildung 12). Im Gegensatz zu linearen 
RGD‐Sequenzen,  welche  flexibel  verschiedene  Konformationen  einnehmen  können  und 
allgemein  an diverse  Integrine binden,  kann durch  Zyklisierung und  somit Versteifung der 
Struktur  die  Selektivität  erhöht werden  (Dunehoo,  Anderson  et  al.  2006;  Heckmann  und 
Kessler  2007; Mas‐Moruno,  Rechenmacher  et  al.  2010).  Durch  zusätzliches  Einfügen  von 
D‐Aminosäuren werden charakteristische turn Motive (II`) induziert und die Flexibilität der 
Konformation  zudem  weiter  eingeschränkt  (Gurrath,  Muller  et  al.  1992;  Heckmann  und 
Kessler  2007).  Zyklopentapeptide wie  z.B.  c(RGDfK)  (Abbildung  12  B),  in  denen  das  RGD 
Motiv  in  einer  geknickten  Form  vorliegt,  sind  selektiv  für  das  Integrin V3, wohingegen 
Zyklohexapeptide  mit  gestrecktem  Peptidrückgrat  selektiv  für  das  Integrin  IIb3  sind. 










Zellen  und  Biomaterialien  zu  verbessern,  kann  Zelladhäsion  auch  durch  auf  der 
Materialoberfläche unspezifisch adsorbierte Proteine vermittelt werden  (Roach, Eglin et al. 
2007; Leal‐Egana, Diaz‐Cuenca et al. 2013). Welche und  in welchem Maß Proteine auf der 
Oberfläche  adsorbieren wird  unter  anderem  durch  elektrostatische Wechselwirkungen  an 
der Materialoberfläche  beeinflusst, wodurch  Proteinadsorption  entweder  gemindert  oder 






hydrophoben  Substraten  gegenüber  hydrophilen Materialoberflächen  begünstigt  (Muller, 
Luders et al. 2010). In Folge der Maximierung von hydrophoben Wechselwirkungen kommt 
es  bezüglich  Proteinadsorption  auf  stark  hydrophoben  Oberflächen  zu  einer  veränderten 
Konformation der Proteine und damit vermutlich zu veränderten Zugänglichkeiten von z.B. 
Zelladhäsionsmotiven  (Hlady und Buijs  1996;  Lensen,  Schulte  et al.  2008). Deshalb  ist die 
maximale  Zelladhäsion  diverser  Zelltypen  auf  Oberflächen  mit  Hydrophobizität  mittlerer 
Größenordnung  (Wasserkontaktwinkel  ca. 55°)  zu beobachten  (Ruardy, Schakenraad et al. 




In  engem  Zusammenhang  mit  der  Benetzbarkeit  der  Oberfläche  steht  deren 
Rauigkeit/Topographie.  Harrison  erkannte  bereits  1911  die  Bedeutung  der 
Oberflächentopographie  für  Zelladhäsion  (Harrison  1911).  Er  kultivierte  verschiedene 









auf  Strukturen  im Mikrometer‐  und  Submikrometerbereich  reagieren  (Weiss  1929; Weiss 
1934;  Weiss  1945;  Bettinger,  Langer  et  al.  2009).  Verschiedene  Analysen  belegten 







produziert  z.B.  mittels  Elektronenstrahl‐lithographie.    C)  Ausgerichtete  Fasern,  hergestellt  z.B.  durch 
Elektrospinning.  D)  Mittels  microcontact  printing  oder  Photolithographie  hergestellte,  chemisch 
unterschiedliche  Oberflächenmuster.  Modifiziert  nach  Bettinger  et  al.  und  Hoffman‐Kim  et  al.  (Bettinger, 
Langer et al. 2009; Hoffman‐Kim, Mitchel et al. 2010).  
 
Während  die  ersten  topographischen  Untersuchungen  auf  biologischen  Materialien 
durchgeführt  wurden,  können  mittlerweile  durch  verschiedene  Oberflächentechniken 
definierte  physikochemische  und  topographische  anisotrope  Substrate  produziert werden 
(Harrison 1911; Meyle, Wolburg et al. 1993; Anselme und Bigerelle 2011). Eine gestreckte 









Materialien,  Größenordnungen  und  Art  der  Strukturen  auf  das  Verhalten  verschiedener 
Zelltypen  ist  in  Flemming  et al.  aber  auch  in Anselme und Bigerelle  zu  finden  (Flemming, 
Murphy  et  al.  1999; Anselme  und Bigerelle  2011).  Eine  zusätzliche Möglichkeit Adhäsion, 
Orientierung  und  Morphologie  von  Zellen  zu  beeinflussen,  ist  die  Verwendung  von 
Substraten mit chemisch unterschiedlichen Oberflächenmustern  (Abbildung 13D)  (Britland, 
Clark  et  al.  1992;  Clark,  Connolly  et  al.  1992). Durch  Aufbringen  z.B  von  ECM‐Proteinen, 








Spinnenseide  ist  aufgrund  ihrer  Biokompatibilität,  Bioabbaubarkeit  und  den 
außergewöhnlichen  mechanischen  Eigenschaften  ein  vielseitiges  Material  für 
unterschiedlichste  Applikationen.  Durch  rekombinante  Herstellung  sind 
Spinnenseidenproteine  in  gleichbleibender Qualität und  ausreichenden Mengen  verfügbar 
und können in unterschiedliche Morphologien überführt werden.  
Filme  aus  dem  von  der  Dragline‐Seide  der  Gartenkreuzspinne  (A.  diadematus) 
abgeleiteten  Protein  eADF4(C16)  zeichnen  sich  durch  eine  geringe  Zelladhäsion  sowie 
Proliferation aus und  sind deshalb nur  für bestimmte biomedizinische Anwendungen  (z.B. 
Beschichtung  von  Silikonbrustimplantaten)  geeignet.  In  vielen  Fällen  aber  ist  eine 
ausreichende  Wechselwirkung  zwischen  Zellen  und  Implantat  essentiell,  um  eine 
Einkapselung oder Abstoßung des Materials  zu  vermeiden. Deshalb  sollte  in dieser Arbeit 
eine  Steuerung  der  Zelladhäsion  entweder  durch  Einführung  spezifischer  Motive  oder 
unspezifischer  Interaktionen  (Topographie  oder  Benetzbarkeit)  ermöglicht  werden.  Eine 








eventuelle  Einflüsse  der  Funktionalisierung  auf  Assemblierungsverhalten,  Struktur, 




im  Mikrometer  Bereich  eingeführt  werden.  Aufgrund  der  Tatsache,  dass 
Oberflächenstrukturen  alleine  die  Interaktion  zwischen  Zellen  und  Biomaterialien 





unmodifizierte  eADF4(C16)  Seidenfilme  hergestellt  und  ihr  Einfluss  auf  die  Adhäsion  und 
Ausrichtung  diverser  Zelllinien  analysiert werden.  Da  neben  biochemischen  Signalen  und 
Topographie   auch die Hydrophobizität der Oberfläche die Zelladhäsion beeinflusst, sollten 







Die  vorliegende  Arbeit  beinhaltet  vier  Publikationen,  die  in  Kapitel  7  dargestellt  sind. 
Deren  gemeinsame  Thematik  ist  die  Steuerung  der  Zelladhäsion  auf  Spinnenseidenfilmen 
entweder durch chemische oder physikalische Modifikationen (Abbildung 14).  
 




Aufgrund  der  hervorragenden  Biokompatibilität  von  Spinnenseide  konnte  das 
rekombinante  Spinnenseidenprotein  eADF4(C16)  bereits  erfolgreich  als  Beschichtung  von 
Silikonbrustimplantaten eingesetzt werden. Hierbei wurde die Bildung von Kapselfibrose und 





Seidenbeschichtung,  signifikant  reduziert  (Zeplin, Maksimovikj et al. 2014). Dennoch  ist  in 
den meisten  Fällen  eine  ausreichende Wechselwirkung  von  Zellen mit  Biomaterialien  für 
einen  erfolgreichen  Einsatz  des  Implantats  essentiell.  Generell  wird  Zelladhäsion  sowohl 
durch  spezifische  Motive  als  auch  durch  unspezifische  Interaktionen  vermittelt  (Hersel, 
Dahmen  et  al.  2003;  Leal‐Egana,  Lang  et  al.  2012).  Als  erstes  wurde  daher  in 
Zusammenarbeit mit Prof. Dr. Kessler  (TU München) die chemische Zusammensetzung der 
eADF4(C16)  Seidenfilme  durch  Einführung  von  RGD  (Arginin  –  Glycin  –  Aspartat)  




Ziel  des  zweiten  Teils  der  Dissertation  war  es,  unspezifische  Interaktionen  zwischen 
Zellen und Seidenbeschichtungen zu steuern. Es konnte bereits gezeigt werden, dass durch 
Einbringen  einer  Oberflächenstruktur  z.B.  mittels  Elektrospinning,  die  Verankerung  von 
Fibroblasten auf zweidimensionalen Seidenoberflächen verbessert wird (Leal‐Egana, Lang et 
al.  2012).  Da  aber  des  Weiteren  auch  Form  und  Ausrichtung  der  Zellen  auf  scaffolds 
entscheidend für deren Funktion sind (Torbet, Malbouyres et al. 2007; Lawrence, Marchant 
et  al.  2009;  Gil,  Park  et  al.  2010), wurden mittels Mikroabformung  in  Kapillaren  (micro‐
molding in capillaries, MIMC) (Xia, Kim et al. 1996) Oberflächen mit definierten Mustern aus 
zwei verschiedenen rekombinanten Seidenproteinen hergestellt. Durch die Kombination von 
Spinnenseide  und  Florfliegenseide  konnte  gesteuert  werden  an  welchen  Stellen  Zellen 
adhärieren  und  proliferieren  (Teilarbeit  II,  Kapitel  7).    Neben  dem  Einfluss  der 
Oberflächenstrukturierung  auf  die  Zelladhäsion,  konnte  auch  gezeigt  werden,  dass  die 
Benetzbarkeit  von  Spinnenseidenfilmen  durch  Auswahl  spezifischer  Grenzflächen 
(Seidenprotein‐Oberfläche)  individuell eingestellt werden  kann  (Teilarbeit  III, Kapitel 7).  In 
Zukunft ist es damit möglich den Einfluss der Hydrophobizität auf Zelladhäsion anhand eines 
Materials mit identischer chemischer Zusammensetzung zu analysieren.  
Im  Folgenden  werden  die  wichtigsten  Ergebnisse  und  Schlussfolgerungen  der 
unterschiedlichen  Publikationen  kurz  dargestellt  und  diskutiert.  Weitere  detaillierte 










verschiedene  Metalle  (z.B.  Titan  und  Titanlegierungen),  synthetische  Polymere  (z.B. 
Polymethylmethacrylat)  aber  auch  natürliche Materialien  (z.B.  Seide)  immobilisiert  (Hern 
und Hubbell 1998; Kantlehner, Schaffner et al. 2000; Sofia, McCarthy et al. 2001; Schaffner 
und  Dard  2003;  Auernheimer,  Zukowski  et  al.  2005; Morgan,  Roskov  et  al.  2008; Mas‐
Moruno, Dorfner et al. 2013; Widhe, Johansson et al. 2013). In dieser Arbeit wurde mittels 
molekularbiologischer  Methoden  eine  lineare  RGD  Sequenz  (GRGDSPG)  in  das 
Spinnenseidenprotein  eADF4(C16)  eingeführt. Da  bekannt  ist,  dass  cyclische  RGD  Peptide 
eine  höhere  Affinität  und  Selektivität  als  lineare  aufweisen, wurde  zusätzlich  die  Cystein 
enthaltende Variante ntagCysC16 mit dem  cyclischen Peptid  (cRGDfK)  chemisch modifiziert 
(Teilarbeit  I,  Abbildung  1).  Um  eventuelle  Einflüsse  der  Modifikation  auf  Struktur, 
Benetzbarkeit  oder  Assemblierungsverhalten  der  Proteine  zu  analysieren,  wurden  die 
prozessierten  Filme  mittels  Fouriertransformierter  Infrarot  (FTIR)‐Spektroskopie, 
Rasterkraftmikroskopie  (AFM,  Atomic  Force  Microscopy)  und  Kontaktwinkelmessungen 
analysiert (Teilarbeit I, Abbildung 4 sowie Tabelle 2). Die Seidenfilme zeigten dabei bezüglich 
Sekundärstruktur  und  Rauigkeit  vernachlässigbar  kleine  Unterschiede.  Die 
Wasserkontaktwinkel der modifizierten und unmodifizierten Filme liegen mit Werten um die 
60°  in einem optimalen Bereich  für eine Kultivierung von Fibroblasten  (Tamada und  Ikada 
1994). 
  Um  erste  Anhaltspunkte  bezüglich  Interaktion  zwischen  Zellen  und 
Spinnenseidenfilmen  zu  erhalten,  wurden  Adhäsionstests mit  BALB/3T3  Fibroblasten  auf 
diversen  Seidenfilmen  durchgeführt  (Abbildung  15 A  sowie  Teilarbeit  I, Abbildung  5). Die 
Zelladhäsion  auf  eADF4(C16)  Filmen  ist  vergleichbar  mit  der  auf  unbehandelten 
Zellkulturplatten  (non‐treated  cell  culture  plates,  NTCP).  Da  in  eADF4(C16)  Filmen  keine 
Adhäsionsmotive vorhanden sind, sind hier vor allem die physikochemischen Eigenschaften 
des Films entscheidend. Die geringe Adhäsion auf eADF4(C16) Filmen  ist deshalb durch die 







Abbildung  15:  Analyse  der  Interaktion  von  BALB/3T3  Fibroblasten  mit  Spinnenseidenfilmen.  A)  Auf 
behandelte  Zellkulturplatten  (TCP)  normierte  Adhäsion  auf  unmodifizierten  (eADF4(C16)),  sowie  genetisch 
modifizierten (C16spRGD) und chemisch modifizierten (ntagCysC16‐c(RGDfK) Seidenfilmen. Die Morphologie der 
Zellen bestätigt die Analyse. Fibroblasten auf eADF4(C16) Filmen  zeigen eine abgerundete Morphologie und 
bilden  durch  Zell‐Zell  Interaktionen  Cluster  aus.  Im  Gegensatz  dazu  haben  Fibroblasten  auf  beiden  RGD‐
modifizieten  Filmen  eine  ausgebreitete,  flache  Zellmorphologie  (vgl.  auch  Teilarbeit  I,  Abbildung  7).   
Größenstandart: 25 µm. B) Proliferation von BALB/3T3 Fibroblasten auf Seidenfilmen und Kontrolloberflächen. 
(Wohlrab,  Mueller  et  al.  2012).  Modifiziert  nach  Biomaterials  2012,  33(28):  6650‐6659  mit  freundlicher 
Genehmigung des Verlages Elsevier. 
 
 Im  Gegensatz  dazu  zeigten  Fibroblasten  auf  RGD‐modifizierten  Seidenfilmen  eine 
signifikant höhere Zelladhäsion, die mit behandelten Zellkulturplatten  (treated  cell  culture 
plates, TCP)  vergleichbar  ist.  Interessanterweise war die Zellbindungsaktivität der  linearen 
RGD‐ Sequenz  (genetisch modifiziert) nicht von der des Cyclopeptids  (chemisch gekoppelt) 
zu  unterscheiden.  Eine  mögliche  Erklärung  liefern  wahrscheinlich  die  individuellen  
Expressionsmuster von Integrinen und der damit verbundenen Affinität gegenüber diversen 
RGD‐Peptiden  in  verschiedenen  Zelltypen.  So  haben  beide  hier  verwendeten  Peptide 
ähnliche  Selektivität  gegenüber  51  Integrin  (Kantlehner,  Schaffner  et  al.  2000;  Hersel, 
Dahmen  et  al.  2003).  Des  Weiteren  kann  es  aber  aufgrund  der  Produktion  von  ECM 














das  Cystein  eine  ähnliche  Zugänglichkeit  vorhanden  ist,  liegen  die  Seidenfilme  damit  in 
einem für eine effiziente Zelladhäsion optimalen Bereich (Massia und Hubbell 1991; Hersel, 
Dahmen et al. 2003; Spiess, Wohlrab et al. 2010).  
RGD‐modifizierte  Seidenfilme  stellen  somit  ein  vielversprechendes  Material  für 
zukünftige medizinische Anwendungen dar. Neben der Biokompatibilität und Abbaubarkeit 
erlauben  sie adäquate  Interaktion der Zellen auf deren Oberfläche.  Ist die Zelladhäsion  zu 
schwach kann nicht genügend Haftung zur Zellmigration erzeugt werden, ist sie zu stark, sind 
die Zellen durch zu starke Bindung  in  ihrer Beweglichkeit eingeschränkt. Durch Herstellung 
von Mischfilmen  aus modifizierten  und  unmodifizierten  Seidenproteinen  und  einer  damit 
möglichen Kontrolle über die Zelladhäsion und Zellmigration kann das Anwendungsspektrum 
zusätzlich erweitert werden. So sind demnach Anwendungen der Mischfilme sowohl  in der 
Geweberegeneration  (Zellmigration  erwünscht)  aber  auch  als  Gefäßersatz  (Zellmigration 
unerwünscht) realisierbar.  
3.2 ZELLADHÄSION UND AUSRICHTUNG AUF STRUKTURIERTEN SEIDENFILMEN 
In  vivo wird  die  Ausrichtung,  Form  und  Anordnung  von  Zellen  und  damit  auch  deren 
Funktion vor allem durch die extrazelluläre Matrix bestimmt.  In vitro kann die Steuerung der 
Gewebeorganisation  von  Zellen  über  Kontaktführung  (contact  guidance)  mittels 
topographischer Strukturen  im Mikro‐ und Submikrobereich erfolgen  (Bettinger,  Langer et 
al. 2009).  In dieser Arbeit wurden strukturierte Seidenfilme mit parallelen Rillen und einer 
Fernordnung  im  Mikrometerbereich  sowohl  aus  RGD‐modifiziertem  Protein  (ntagCysC16‐
c(RGDfK)) als auch aus eADF4(C16) produziert. Dazu wurden mit Hilfe eines PDMS Templates 
Protein‐Streifen  auf  einen  vorher  hergestellten  Seidenfilm  aufgebracht  (Teilarbeit  II, 
Abbildung 2). Die so entstandenen 20 µm großen Rillen sind von einem Streifen mit einer 








2012)  konnte  hier  für  die  Zellausrichtung  und  Anordnung  weiter  entwickelt  werden.  Im 
Vergleich  zu  glatten  eADF4(C16)  Filmen wurde  die  Zelladhäsion  auf  strukturierten  Filmen 
signifikant erhöht. Obwohl Fibroblasten sowohl  in den Rillen als auch auf den Erhöhungen 
(63%  der  Zellen  befanden  sich  in  den  Rillen)  adhärierten,  richteten  sie  sich  trotzdem 
gestreckt  entlang  der  Längsachse  der  Rillen  aus.  Im  Gegensatz  dazu  ist  die  Interaktion 
zwischen Fibroblasten und Material auf mit Zelladhäsionspeptid modifizierten Seidenfilmen 




identischen  Ladung  der  beiden  Proteinschichten  ablösten,  wurde  eine  alternative 
strukturierte Oberfläche hergestellt, wobei zusätzlich zu den beiden Spinnenseidenproteinen  
das  rekombinante  Eierstiel‐Seidenprotein  N[AS]8C  herangezogen  wurde  (Teilarbeit  II, 
ergänzende  Abbildung  1). Da  Fibroblasten  auf  glatten  Eierstiel‐Seidenprotein‐Filmen  trotz 
der positiven Nettoladung eine abgerundete Morphologie zeigten (Teilarbeit II, Abbildung 1), 
bildet N[AS]8C zusammen mit den negativ geladenen Varianten von eADF4(C16) eine ideale 
mechanisch  stabile  Kombination,  um  Zelladhäsion  auf  bestimmte  Flächen  zu  begrenzen 
(Teilarbeit  II, Abbildung 1). Um Zelladhäsion  in den Rillen  zu  fördern, wurden deshalb auf 
einen  ntagCysC16‐c(RGDfK)  Film  Streifen  aus N[AS]8C  aufgebracht. Auf  diesen Oberflächen 
richteten sich die Fibroblasten ähnlich zu den strukturierten eADF4(C16) Filmen entlang der 
Längsachse der Rillen aus, aber adhärierten dabei hauptsächlich (normiert auf die Fläche zu 
94,2%)  in  den  Rillen  (Abbildung  16  A;  Teilarbeit  II,  Abbildung  5  sowie  Tabelle  1).  Wird 











auf  Seidenoberflächen  mit  definierten  Mustern  aus  zwei  unterschiedlichen  Proteinen  (Rille/Streifen).  Die 
Ausrichtung  der  Zellen wurde  relativ  zur  Richtung  der  Rillen  bestimmt  (vgl.  auch  Teilarbeit  II,  ergänzende 
Abbildung  3).  B)  BALB/3T3  Fibroblasten  auf  strukturierten  Seidenfilmen  aus  eADF4(C16)/N[AS]8C  
(Rille/Streifen)  nach  einer  Kultivierung  über  einen  Zeitraum  von  96  Stunden.  C)  C2C12  Myoblasten  auf 
eADF4(C16)/N[AS]8C  (Rille/Streifen)  nach  einer  Inkubation  von  48  Stunden. Die Myoblasten  adhärieren  und 
proliferieren vorwiegend in den eADF4(C16) Rillen und zeigen damit ein ähnliches Verhalten wie Fibroblasten. 
Die hohe Zelldichte nach 48 Stunden führte zu einer Bildung von ausgerichteten Myotuben (Bauer, Wohlrab et 
al.  2013). Modifiziert  nach  Biomaterials  Science  2013,  1(12):  1244‐1249 mit  freundlicher Genehmigung  des 
Verlages The Royal Society of Chemistry.   
 
Stabile  strukturierte  Filme  aus  zwei  unterschiedlichen  Seidenproteinen  ermöglichten 
eine  Ausrichtung  und  Anordnung  diverser  Zelllinien  (Abbildung  16  B,  C;  Teilarbeit  II 
Abbildung  5  und  6).  Angesichts  der  räumlichen  Kontrolle  der  Zell‐Organisation  auf 
zweidimensionalen  Oberflächen,  werden  damit  zusätzlich  neue  Perspektiven  für 
unterschiedliche  Anwendungen  (z.  B.  Hornhautimplantat,  Knochenimplantate)  eröffnet. 





strukturierten  Filmes  und  einer  inneren  Schicht  aus  ausgerichteten  Elektrogesponnenen 
Fasern z.B. für einen Einsatz in der Nervenregeneration.  
3.3 BENETZBARKEIT VON SPINNENSEIDENFILMEN  
Vor der  eigentlichen  Zelladhäsion  auf Materialien  findet  innerhalb  von Nanosekunden 
eine Wechselwirkung der Oberfläche mit Proteinen statt. Die Benetzbarkeit bestimmt dabei 
sowohl  welche,  aber  auch  in  welchem  Umfang  Proteine  und  andere  Moleküle  mit  der 
Oberfläche  interagieren.  Das  Biomaterial  ist  also  innerhalb  kürzester  Zeit  mit  einer 
Proteinschicht  bedeckt,  welche  wiederum  als  Vermittler  der  Folgeereignisse  wie 
Zelladhäsion und Proliferation diverser Zelltypen dient (Roach, Eglin et al. 2007).  
In  dieser  Arbeit  sollten  deshalb  aus  dem  rekombinanten  Spinnenseidenprotein 
eADF4(C16) biokompatible Oberflächen mit einstellbarer Benetzbarkeit produziert werden. 
Aufgrund  der  amphiphilen  Eigenschaften  des  Proteins,  bestehen  eADF4(C16)  Filme  aus 
hydrophoben  ‐Faltblatt  Nanokristallen,  welche  in  einer  amorphen  hydrophilen  Matrix 
eingebettet sind (Metwalli, Slotta et al. 2007; Spiess, Ene et al. 2011). Als Modelloberflächen 
wurden  die  hydrophoben Oberflächen  Teflon  (Polytetrafluorethylen,  PTFE)  und  Polystyrol 
(PS)  ebenso  wie  das  hydrophile  Substrat  Glas  ausgewählt.  Da  des  Weiteren  aus 
vorangegangenen  Studien  bekannt  ist,  dass  unterschiedliche  Lösungsmittel  einen  Einfluss 
auf die Sekundärstruktur  im Seidenfilm haben (Spiess, Ene et al. 2011), wurden hier neben 
wässrigen  Puffersystemen  auch  Hexafluoroisopropanol  (HFIP)  und  Ameisensäure  (formic 
acid,  FA)  als  Lösungsmittel  eingesetzt  und  die  so  produzierten  Filme  analysiert. 
Charakterisierung  der  Beschichtung  mittels  Rasterkraftmikroskopie  zeigte,  dass  alle 
Seidenfilme  unabhängig  von  Substrat  und  Lösungsmittel  eine  homogene  Oberfläche mit 
einer  geringen  Rauigkeit  (Ra  <  30  nm)  aufweisen  (Teilarbeit  III  Tabelle  1).  Da  neben  der 
Rauigkeit des Materials vor allem dessen Benetzbarkeit die Proteinadsorption/Zelladhäsion 
bestimmt (Tamada und Ikada 1994), wurde im folgenden der Kontaktwinkel (contact angle, 








Abbildung  17:  Bestimmung  der  Oberflächenhydrophobizität  von  Seidenbeschichtungen.  Nach 
Filmherstellung  und Nachbehandlung mit Methanol, wurde  der  Kontaktwinkel mit Wasser  (H2OMQ)  auf  den 
unterschiedlichen Seidenoberflächen analysiert.  In dieser Arbeit wurde die Methode des  liegenden Tropfens 
angewandt und der Kontaktwinkel mittels Laplace Young Fit bestimmt. Als Referenz wurden die Kontaktwinkel 





der  Hydrophobizität  des  Proteinfilms  im  Vergleich  zum  Substrat  beobachtet.  Die Wasser 
Kontaktwinkel der hydrophoben Oberflächen  (PS 90°, PTFE 105°) wurden dabei durch die 
Seidenbeschichtung abhängig vom Lösungsmittel auf 39‐63° reduziert, wohingegen auf Glas 




Grenzfläche  (CA  =  42°)  eine  hydrophobe  Film‐Substrat‐Grenzfläche  (CA  =  74°)  aufweisen 
(Teilarbeit III, Abbildung 2 B und C).  
Dieser Effekt beruht vermutlich auf der in der Polymerchemie bekannten Ausbildung von 
Mikrodomänen  in  Blockcopolymeren  (Förster  und  Plantenberg  2002).  So  wurde  eine 
Selbstassemblierung  in Mikrodomänen  bereits  in  natürlicher  Spinnenseide,  aber  auch  in 








bulk  Material  betrachtet  werden  können,  müssen  zusätzlich  die  unterschiedlichen 
Grenzflächen (z.B. Protein‐Substratoberfläche) mit in Betracht gezogen werden.  
Basierend  auf  den  vorliegenden  Erkenntnissen  wurde    deshalb  ein  Modell  zur 
Selbstassemblierung  von  eADF4(C16)  Proteinen  auf  Substraten  unterschiedlicher 
Hydrophibizität vorgeschlagen (Abbildung 18 sowie Teilarbeit III, Abbildung 6). Während der 
Filmbildung  kommt  es  an  der  Grenzfläche  Substrat‐Protein  zu  einer  Wechselwirkung 
zwischen  den  hydrophilen  Glycin‐reichen  Blöcken  und  der  hydrophilen  Glasoberfläche 
(Abbildung 18 A, Teilarbeit III, Abbildung 6). Durch die Tendenz der eADF4(C16) Moleküle bei 
steigender Proteinkonzentration die  Interaktionen zwischen hydrophilen  (Glycin‐reich) und 
hydrophoben  (Alanin‐reich)  Blöcken  zu  minimieren,  werden  so  hydrophobe  Bereiche 
ausgebildet, welche von einer Matrix aus hydrophilen Aminosäuren umgeben sind. Anstatt 
zur  vorwiegend  hydrophilen  Matrix  sind  die  hydrophoben  Bereiche  an  der  Protein‐Luft 
Grenzfläche  hauptsächlich  zur  Luft  hin  exponiert.  Durch  vollständige  Trocknung  und 
Nachbehandlung wird die Faltung der Polyalanine in ‐Faltblatt Kristalle induziert, wobei die 
Glycin‐reichen  Blöcke  unstrukturiert  oder  in  helikaler  Konformation  verbleiben.  Diese 
strukturelle  Anordnung  der  Proteine  konnte  mit  FTIR‐Messungen  bestätigt  werden 
(Teilarbeit III, Abbildung 3).  
Dementsprechend bestehen Filme auf hydrophoben Oberflächen aus einer hydrophoben 
Matrix mit  darin  eingeschlossenen  hydrophilen  Bereichen  (Abbildung  18 B,    Teilarbeit  III, 













Um  die  Phasenseparation  der  hydrophilen  amorphen  und  hydrophoben  ‐Faltblatt 
reichen Bereichen  in Abhängigkeit von unterschiedlichen Substraten zu bestätigen, erfolgte 
ein enzymatischer Verdau der Seidenfilme durch ‐Chymotrypsin (Teilarbeit III, Abbildungen 
3 und  5  sowie  Tabelle  3).  In  vorangegangenen  Studien wurde bereits  gezeigt, dass nicht‐
kristalline  Bereiche  in  Seidenfilmen  schneller  durch  das  Enzym  abgebaut  werden  als 
‐Faltblatt Kristalle  (Arai, Freddi et al. 2004). Hier zeigte sich, dass die mit ‐Chymotrypsin 
behandelten  Seidenbeschichtungen  auf  hydrophoben  Oberflächen  eine  glatte  Oberfläche 
mit  50  bis  150 nm  großen  Löchern  aufwiesen, was  auf  eine  ‐Faltblatt‐reiche Matrix mit 
kleinen  abgegrenzten  amorphen  Bereichen  hindeutet.  Filme  auf  dem  hydrophilen  Glas 
dagegen  zeigten  durch  den  Abbau  der  umgebenden  hydrophilen  amorphen  Matrix 
partikuläre Strukturen (Teilarbeit III, Abbildung 6).      




meisten  anderen  Studien  in  diesem  Bereich,  welche  mit  unterschiedlichen  Materialien 
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a b s t r a c t
Due to the biocompatibility and biodegradability as well as the mechanical properties of the fibers, spider
silk has become an attractive material for researchers regarding biomedical applications. In this study,
the engineered recombinant spider silk protein eADF4(C16) was modified with the integrin recognition
sequence RGD by a genetic (fusing the amino acid sequence GRGDSPG) as well as a chemical approach
(using the cyclic peptide c(RGDfK)). Both modified silk proteins were processed into films, and thereafter
characterized concerning secondary structure, water contact angle and surface roughness. No influence
of the RGD-modifications on any of these film properties could be detected. However, attachment and
proliferation of BALB/3T3 mouse fibroblasts were significantly improved on films made of the RGD-
modified silk proteins. Interestingly, the genetically created hybrid protein (with a linear RGD
sequence) showed similar or slightly better cell adhesion properties as the silk protein chemically
modified with the cyclic RGD peptide.
 2012 Elsevier Ltd. All rights reserved.
1. Introduction
Recently, our knowledge on wound healing has been greatly
increased, mediating the development of new materials for wound
coverage and tissue engineering. In tissue engineering materials
have been used of natural origin including collagen, chitosan, silk,
hyaluronan and fibrin as well as synthetic biodegradable polymers
such as polyurethanes, polyesters (polyglycolide (PGA), polylactic
acid (PLA)), polyethylene oxide (PEO) or polyvinyl alcohol [1].
For biomaterial applications the interaction of a material’s
surface with cells is of critical importance. It determines cell
attachment, as well as the spreading behavior, proliferation and
differentiation. The interaction strongly depends on the physico-
chemical properties of the surface, such as its hydrophilicity,
roughness, or presence of functional groups, its microstructure and
mechanical properties [2]. However, the affinity of cells for certain
surfaces differs depending on the cell type. Fibroblasts, for example,
prefer surfaces with an intermediate wettability [3], whereas
osteoblasts favor highly hydrophilic surfaces [4]. Several tools have
been investigated to improve the interaction between cells and
biomaterials. One way of promoting cell attachment is to change
the morphology of the material, for example by introducing pores
(as in foams or non-woven mats) or by employing patterned
surfaces [5,6]. Another strategy is to chemically modify the surface,
e.g. by plasma treatment, functionalization with chemical func-
tional moieties like amine, carboxyl, hydroxyl or carbonyl groups,
or by grafting of polymers onto the surface, for instance poly-acrylic
acid or chitosan [7,8]. Furthermore, immobilization of biomolecules
such as growth factors or cell adhesive peptides (e.g. containing the
sequence RGD) has been shown to increase cell affinity [9e11]. RGD
peptides originate from sequences of fibronectin and vitronectin,
proteins of the extracellular matrix acting as integrin ligands. RGD
peptides have been coupled to diverse biomaterials like hyaluronan
and PEG-based hydrogels, titanium implants, polyurethane and
PDMS surfaces [12e16]. Also various recombinant silk proteins
have been genetically modified with RGD domains [17e20]. A wide
variety of different RGD peptides has been employed, ranging from
the minimal recognition sequence RGD to GRGDS, GRGDYor longer
variants like RGDSPASSKP or Ac-CGGNGEPRGDYRAY-NH2. Cyclic
RGD peptides were identified to show even higher affinity and
receptor selectivity for integrins than linear ones [21e24], and they
can be designed to optimally address the integrin subtype of
interest [25].
Spider silk reflects a promising material for biomedical appli-
cations, due to its biocompatibility, biodegradability and mechan-
ical properties of the silk fibers [26]. Spider webs were already used
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by ancient Greeks to cover wounds and stop bleeding [27].
Although showing good properties, industrial use of spider silk is
hampered by the cannibalistic behavior of spiders and therefore
a limited availability. We, amongst others, established recombinant
production of spider silk proteins in Escherichia. coli [28e31]. One of
the recombinantly produced proteins is eADF4(C16) based on one
of threemajor ampullate spidroins (MaSp) of the dragline silk of the
European garden spider (Araneus diadematus). This recombinant
silk protein consists of 16 repeats of a consensus (C-)module,
mimicking the repetitive core domain of native ADF4 of
A. diadematus (Fig. 1).
eADF4(C16) can be transformed into various morphologies such
as films [32,33], particles [34,35], capsules [36], hydrogels [37] or
non-woven mats [5]. Apart from organic solvents, eADF4(C16) can
be processed from aqueous solutions under ambient conditions
[38], which contributes to its suitability as a biomaterial.
Recently, we observed lowadhesion and a lack of proliferation of
BALB/3T3 mouse fibroblasts on eADF4(C16) films [5], which is not
uncommon for silk protein matrices [39,40], reflecting a drawback
for certain applications in tissue engineering. Therefore, the aim of
this studywas to improve cell adhesion andproliferation bycreating
a chemically or genetically modified variant of the protein con-
taining the RGD sequence.While genetic approaches only allow the
introduction of linear RGD domains, chemical functionalization
enables coupling of cyclic RGDpeptides. Here,wedirectly compared
both approaches and their impact on cell binding and proliferation.
2. Materials and methods
2.1. Production of eADF4 (C16)
The recombinant spider silk protein eADF4(C16) is based on the consensus
sequence of one of three spidroins of the dragline silk of the European garden
spider (A. diadematus). The consensus motif (C-module) of ADF4
(GSSAAAAAAAASGPGGYGPENQGPSGPGGYGPGGP) is repeated 16 times in the
recombinant protein (Fig. 1B). For detection, an N-terminal T7-tag is fused to
the molecule. Production in E. coli and purification was performed as described
by Huemmerich et al. [28]. Briefly, for the purification of eADF4(C16), cells were
incubated in 50 mM Tris/HCl 100 mM NaCl buffer, pH 7.5 containing 0.2 mg/ml
lysozyme at 4 C for 30 min and lysed by ultrasonication. After centrifugation of
cell fragments, soluble E. coli proteins were precipitated by heat denaturation
at 80 C for 20 min and removed by centrifugation. Silk proteins
remained soluble and were salted out with 20% ammonium sulfate at room
temperature (RT).
2.2. Genetic modification of eADF4 (C16)
DNA cassettes encoding RGD and a spacer sequence were created by annealing
two synthetic oligo-nucleotides. For the RGD-tag GATCCATGGGCGGTCGTGGTG
ACTCTCCGGGTTAATGAA and AGCTTTCATTAACCCGGAGAGTCACCACGACCGCCCATG
and for the spacer sequence GATCCATGGGCGGTGGCTCTGGTTAATGAA and AGCTTT
CATTAACCAGAGCCACCGCCCATG were used. The resulting amino acid sequence for
the specific tag spRGD was GGSGGRGDSPG (Fig. 1B). The insertion of the DNA
sequences into the cloning vector and the ligationwith the gene encodingeADF4(C16)
were accomplished by a seamless cloning strategy as described previously [28].
The gene encoding the RGE control silk protein was created by PCR-based site-
directed mutagenesis using the plasmid pET29-C16spRGD as a template. The triplet
GAC encoding Asp was changed to GAG encoding Glu by employing the forward
primer GCTCTGGCGGTCGTGGTGAGTCTCCGGGTTAATG and the reverse primer
GCTTTCATTAACCCGGAGACTCACCACGACC (the mutated base pair is underlined).
80 ng of vector DNA,100 nM of each of the two primers, 200 mMof dNTPs,1.25 U Pfu-
DNA-Polymerase (Promega, Madison, Wisconsin, USA), 5 ml of 10 reaction buffer
(200 mM Tris/HCl (pH 8.8), 100 mM KCl, 100 mM (NH4)2SO4, 20 mM MgSO4, 1%
Triton X-100,1mg/ml BSA)weremixed in a total volume of 50 ml. PCR amplification
parameters: incubation at 95 C for 95 s, followed by 25 cycles at 95 C for 45 s, 64 C
for 30 s, and 68 C for 7.5 min. The PCR product was purified using the Wizard SV
Gel and PCR Clean-Up System (Promega, Madison, Wisconsin, USA), and the
template DNA was digested by DpnI at 37 C for 60 min.
The DNA sequences of the genetically engineered C16spRGD and of C16spRGE
were confirmed by sequencing. Protein production and purification procedures
were identical to that of eADF4(C16).
Fig. 1. A: Chemical structure of the synthetic cyclic RGD peptide c(RGDfK) employed for chemical modification of ntagCysC16. B: eADF4(C16) and the RGD-containing variants
ntagCysC16-c(RGDfK) (chemically modified) and C16spRGD (genetically modified). For ntagCysC16-c(RGDfK), c(RGDfK) was covalently coupled to the thiol group of a cysteine residue
of ntagCysC16 [33]. C16spRGD was modified by genetic engineering hybridizing a spacer and an RGD domain with eADF4(C16).
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2.3. Chemical coupling of RGD to a cysteine-modified variant of eADF4(C16)
For high coupling specificity, chemical coupling of RGD peptides was performed
with the cysteine containing eADF4(C16) variant ntagCysC16 which has been
previously established [33] (Fig. 1B). For coupling of the cyclic RGD c(RGDfK)
[22e24] (Fig. 1A) and the control peptide c(RGEfK) (Peptides International, Louis-
ville, Kentucky, USA), lyophilized ntagCysC16 was dissolved in 6 M guanidinium
thiocyanate (GdmSCN), dialyzed against 20 mM HEPES, pH 7, and diluted to a final
concentration of 2 mg/mL. For reduction of disulfide bonds, proteins were incubated
in a tenfold excess of tris(2-carboxyethyl)phosphine (TCEP) for 2 h at RT. After
addition of a 20 fold excess of c(RGDfK) or c(RGEfK), the reaction of maleimide and
free thiol groups was carried out for 2 h at RT. The proteins were purified by
precipitation with potassium phosphate (pH 8) at a final concentration of 1 M, fol-
lowed by washing the pellet three times with deionized water.
2.4. Silk film fabrication
Lyophilized silk proteins were dissolved in 6 M GdmSCN and dialyzed against
10 mM NH4HCO3, pH 7.5. After centrifugation (55000 rpm, 1 h) the supernatant was
diluted to 2 mg/mL. Films were prepared by casting the protein solution on poly-
styrene petri dishes (for FTIR, AFM and contact angle measurements) or into non-
treated cell culture plates (Nunc, Langenselbold, Germany) (for cell culture experi-
ments). For each film 0.5 mg protein per cm2 were used. Samples were placed in
a climate chamber (Binder GmbH, Tuttlingen, Germany) at 25 C and a relative
humidity of 30%. Post-treatment was performed with ethanol (100%, p.a.) in the
climate chamber under identical conditions.
2.5. Mass spectrometry (MS)
Silk proteins were dissolved in 6 M GdmSCN and dialyzed against 10 mM
NH4HCO3, pH 7.5. Samples were prepared by adding matrix solution (sinapinic acid,
20mg/mL in acetonitrile, 0.1% TFA in H2O). Additionally, proteins were digested with
Glu-C (Promega, Madison, USA) by mixing 50 mg of dissolved proteinwith 5 ml Glu-C
(0.1 mg/ml) in 25 mMNH4HCO3, pH 7.5, and incubating at 25
C over night. Samples
were prepared by adding matrix solution (a-Cyano-4-hydroxycinnamic acid, 10 mg/
mL in acetonitrile, 0.1% TFA in H2O). MALDI-TOF MS was performed on a Bruker
Reflex III (Bruker, Bremen, Germany) equipped with a 337 nm N2 laser in linear
mode and 20 kV acceleration voltage.
2.6. Circular dichroism (CD) spectroscopy
Proteins were dissolved in 6 M GdmSCN and dialyzed against 10 mM NH4HCO3,
pH 7.5. CD spectra were collected on a Jasco J-815 spectropolarimeter (Jasco, Tokyo,
Japan) in a 0.1 cm cell at 20 C. For each spectrum 3 scans were accumulated at
50 nm/min.
2.7. Fourier transform infrared (FTIR) spectroscopy
FTIR spectra of silk films were recorded on a Bruker Tensor 27 spectrometer
(Bruker, Bremen, Germany). Silk films were placed on a Ge crystal for measuring IR
spectra by attenuated total reflection with a resolution of 2 cm1. For each spectrum
60 scans were averaged. The amide I band (1590e1720 cm1) was further analyzed
by Fourier self-deconvolution (FSD) to determine individual secondary structure
elements by assigning the bands according to Hu et al., 2006 [41].
2.8. Contact angle measurements
Water contact angles on post-treated silk films were measured by the static
sessile drop method using a DataPhysica OCA instrument (DataPhysics Instruments
GmbH, Filderstadt, Germany). After setting a baseline at the liquidesolid interface,
contact angles were determined by a Laplace Young Fit using the SCA20 software.
For each film at least five drops were measured.
2.9. Atomic force microscopy (AFM)
The surfacemorphology of ethanol-treated silk filmswas analyzed by AFM using
a Dimension 3100 NanoScope IV (Veeco Instrument Inc., N.Y., USA). Measurements
were performed in tapping mode with a Si3N4 cantilever (Olympus, Tokyo, Japan,
force constant of 42 N/m). Average roughness Rawas calculated in an area of 25 mm
2.
2.10. Cell culture
BALB/3T3mouse fibroblasts (European Collection of Cell Cultures) were cultured
in Dulbecco’s Modified Eagle Medium (DMEM) (Biochrom, Berlin, Germany) sup-
plemented with 10% v/v fetal bovine serum (Biochrom, Berlin, Germany), 1.0% v/v
GlutaMAX (Gibco, Grand Island, USA) and 0.1% v/v Gentamicin sulfate
(SigmaeAldrich, Seelze, Germany). Viability of the cells was confirmed with trypan
blue (SigmaeAldrich, Ayrshire, UK) before seeding on the different surfaces. Cells
were maintained in an incubator (Haereus, Hanau, Germany) at 37 C with
a controlled atmosphere of 5.0% CO2 and at 95% relative humidity.
2.11. Analysis of cell adhesion and proliferation
For cell culture experiments all silk films were cast on non-treated cell culture
plates (polystyrene plates) (Nunc, Langenselbold, Germany). In control experiments
(good cell adhesion) cells were seeded on treated cell culture plates (Nunc, Lang-
enselbold, Germany) as well as on fibronectin-coated cell culture plates (BD
Bioscience, Franklin Lakes, USA). Cells were further seeded on non-treated cell
culture plastes as a control for weak cell adhesion.
For analysis of cell adhesion, 75000 cells/cm2were seeded in single wells of a 48
well plate and incubated for 1.5 h. Then, cells were washed once with Phosphate
Buffered Saline (PBS) (Sigma Aldrich, St. Louis, USA) to remove non-adherent or dead
fibroblasts, followed by addition of fresh medium. After incubation for 2.5 h in
presence of 10% v/v CellTiter-Blue reagent (Promega, Madison, USA) the number of
attached cells was determined. Therefore, the transformation of the blue, non-
fluorescent dye resazurin into the red, fluorescent resorufin (lex ¼ 530 nm;
lem ¼ 590 nm) was measured spectroscopically in a plate reader (Mithras LB 940,
Berthold, Bad Wildbad, Germany) using 530 nm excitation and 600 nm emission
filters with a counting time of 0.5 s. For the different surfaces cell adhesion exper-
iments were repeated 2e4 times with 8 replicates each time.
Cell proliferation assays were carried out in 48 well plates with an initial cell
density of 5000 cells/cm2 for 6 days. Once a day the medium was changed and the
CellTiter Blue assaywas performed. Afterward, the cell culturemediumwas changed
again, and cells were maintained in the incubator with controlled atmosphere. Since
the cell-titer blue reagent is not toxic for continuous analysis, it can be repeated
several times within the same culture over the entire period of examination. For the
different surfaces proliferation experiments were repeated 2e3 times with 8
replicates each time.
2.12. Analysis of proliferation rate and doubling time
The proliferation rate (m) and doubling time (Td) were determined by employing
a first order Monod-type kinetic model [42], with the assumption that the mortality
rate can be disregarded (equation (1))
XðtÞ ¼ X0e
mt (1)
with X(t) and X0 being the concentration of viable cells at time point t and 0,
respectively. The calculation of m from the fluorescence intensities at the various






2.13. Staining of live cells
For analysis of cell morphology, cells were seeded in 48 well plates with an
initial cell density of 5000 cells/cm2. After 1, 3 and 6 days of cultivation, cells were
stainedwith Calcein acetoxymethyl ester (Calcein A/M) (Invitrogen, Eugene, Oregon,
USA). Calcein A/M was added to the medium at a final concentration of 2 mM, and
cells were incubated for 10 min at 37 C. Live cells were visualized with a Leica
DMI3000 B fluorescence microscope (Leica, Wetzlar, Germany).
2.14. Statistical analysis
Analysis of fluorescence intensities was accomplished by one-way analysis of
variance (ANOVA) after incubation of the cells on the different surfaces for 1.5 h. The
pairwise comparison of the means was performed with the Tukey test (post hoc
comparison). P-values < 0.05 were considered statistically significant.
3. Results and discussion
3.1. Protein modifications
The identity of the RGD and RGE-modified variants could be
verified by MALDI-TOF MS (Fig. 2A,B). Mostly, the N-terminal
methionine residues of the T7-tag were deleted in the recombinant
proteins, a phenomenon not un-common for bacterial protein
synthesis [43].
The functionalization of the thiol group of engineered cysteines
in ntagCysC16 has been previously analyzed in detail [33]. Successful
chemical coupling of c(RGDfK) and c(RGEfK) to ntagCysC16 was
monitored by MALDI-TOF MS, indicating that in both cases the
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majority of the protein was successfully modified (Fig. 2C and D).
Only small amounts of non-modified ntagCysC16 (theoretical mass
of 48564 Da) could be detected, in accordance with the previously
observed coupling efficiency of 70e90% [33].
Due to the size of the proteins, the recorded masses of the full-
length proteins are not accurate. Therefore, we further digested the
proteins with Glu-C prior to mass analysis. The enzyme hydrolyzes
the recombinant silk proteins once in a C-module yielding 17
fragments. The shorter fragments allow an improved resolution of
the mass spectra, and the exact masses of the termini could be
determined, verifying the integrity of the N- and C-terminal tags
(see Supplementary Table. S1).
3.2. Structural characterization of eADF4(C16)-RGD variants in
solution and in films
The RGD-modified silk proteins were compared to eADF4(C16)
regarding their conformation in solution and after film formation,
in order to investigate putative influences of the modifications on
either structure or assembly behavior. Secondary structure analy-
sis of soluble silk proteins was performed by CD spectroscopy,
indicating that eADF4(C16) as well as the RGD variants showed
almost identical CD spectra with minima at about 200 nm
(Fig. 3), typical for a mainly random coil or polyproline II-like
conformation.
Silk protein films were cast from ammonium bicarbonate buffe-
red solutions and air dried under controlled conditions. Ammonium
bicarbonate decomposes into volatile components (NH3, CO2, and
H2O) upon evaporation and thus does not crystalize in or on the silk
films [44]. FTIR spectra were recorded before and after treatment of
the films with ethanol (i.e. post-treatment) (Fig. 4). Fourier self-
deconvolution (FSD) of the amide I band allowed assignment of
individual secondary structure elements (Table 1). C16spRGDaswell
as ntagCysC16-c(RGDfK) films were indistinguishable from unmod-
ified eADF4(C16) concerning their secondary structure composition.
As-cast films predominantly showed random coil structures (36%).
Post-treatment using primary alcohols or kosmotropic ions (like
potassium phosphate) renders water-soluble silk films water-
insoluble (by inducing b-sheet formation) [38,45e47]. Here, incu-
bation with ethanol increased the b-sheet content from approxi-
mately 20% to about 40%at the expenseofa-helical, randomcoil, and
b-turn structures, which is in good agreement with results obtained
in previous studies [32,33,44,48]. Again, there was no detectable
structural effect of the RGD tag independent of the way of coupling
after post-treatment of the films.
3.3. Surface properties of ethanol-treated silk films
Attachment of cells to surfaces is strongly dependent on surface

































































Fig. 2. MALDI-TOF mass spectra A: C16spRGD (theoretical MW 48583 Da); B: C16spRGE (theoretical MW 48597 Da); C: ntagCysC16-c(RGDfK) (theoretical MW 49482 Da); D:
ntagCysC16-c(RGEfK) (theoretical MW 49496 Da). In C and D residual ntagCysC16 (48546 Da) (non-modified with peptide) can be detected due to non-quantitative coupling
reactions. The recorded masses of the full-length proteins are not accurate due to the size of the proteins. Therefore, the proteins were additionally digested with Glu-C yielding 17
fragments, which allows an improved resolution of the mass spectra (see Supplementary Table S1).
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or presence of functional groups [51] among others. Here, the
surface roughness and water contact angle of the different ethanol-
treated silk films were analyzed in comparison to treated,
fibronectin-coated and untreated cell culture plates (Table 2). AFM
measurements of the different protein films as well as of the
controls revealed a relatively smooth surface with an average
roughness (Ra) of less than 10 nm (Table 2). The roughness of films
of the modified proteins showed slightly increased Ra values
compared to films of unmodified eADF4(C16). However, the
changes were not significant. Typical Ra values of surfaces applied
for cell studies are reported to be between 0.2 mm and 4.9 mm [52].
In this range, the adhesion of cells is largely affected by the
roughness of the surface depending on the cell type. In the case of
fibroblasts, Wang et al. described a difference in the strength of
adhesion on titanium alloy surfaces with an average roughness
between 2.75 and 30.34 nm. However, this effect could be mainly
attributed to the observed change of the contact angle [53]. The
nanometer differences between recombinant silk surfaces in
absence or presence of modifications were negligible in our study,
since all tested silk protein films revealed similar contact angles of
about 60. The water contact angle was not affected by any of the
modifications of eADF4(C16), although for other surfaces, e.g. made
of polyurethane, an increase in hydrophilicity was recorded after
modificationwith RGD [54]. For fibroblasts, maximal cell adherence
occurs at contact angles between 55 and 85 [3], indicating that
the water contact angles of the silk films were in the optimal range
for cultivation of fibroblasts. Contact angles of the treated and
fibronectin-coated cell culture plates were slightly higher (82.3
and 76.2 respectively), but still ideal for fibroblast adhesion,
whereas the non-treated cell culture plates were too hydrophobic
(95.7).
3.4. Fibroblast adhesion
Adhesion of BALB/3T3 mouse fibroblasts on eADF4(C16),
C16spRGD and ntagCysC16-c(RGDfK) films, as well as on C16spRGE
and ntagCysC16-c(RGEfK) films was analyzed after 1.5 h of incuba-
tion (Fig. 5). Non-treated cell culture plates were used as control for
weak adhesion, and treated cell culture plates were used as control




























































Fig. 3. CD spectra of eADF4(C16) (black line), C16spRGD (gray line) and ntagCysC16-
c(RGDfK) (black dashed line) in 10 mM NH4HCO3, pH 7.5.
Table 1
Secondary structure analysis of eADF4(C16), C16spRGD and ntagCysC16-c(RGDfK) films cast from aqueous solutions before and after post-treatment with ethanol using FTIR
spectroscopy. Fourier self-deconvolution (FSD) of the amide I band (1590e1720 cm1) was performed, and the bands were assigned to individual secondary structure elements
as described previously [41].
As cast EtOH treated
eADF4(C16) C16spRGD ntagCysC16-c(RGDfK) eADF4(C16) C16spRGD ntagCysC16-c(RGDfK)
Alpha-helices / % (1656-1662 cm1) 13.0  1.9 13.6  0.5 13.2  0.2 7.9  0.1 8.0  0.2 8.2  0.1
Beta-sheets / % (1616-1637 cm1, 1697-1703 cm1) 20.7  1.5 21.3  0.01 21.1  1.5 40.9  0.3 38.5  0.9 38.9  0.2
Random coils / % (1638-1655 cm1) 36.1  1.4 36.4  1.1 36.0  1.2 25.5  0.7 26.8  0.9 27.2  0.2
Beta-turns / % (1663-1696 cm1) 25.9  1.7 24.4  1.8 25.5  0.3 19.6  0.2 20.6  0.4 20.6  0.1
Others / % (1605-1615 cm1) 4.3  0.03 4.3  0.3 4.3  0.7 6.1  0.5 6.2  0.4 5.2  0.2
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for good adhesion. The surface of the treated plates is specially
modified to make the normally hydrophobic polystyrene more
hydrophilic, but it does not contain any adhesion proteins. There-
fore, fibronectin-coated cell culture plates were used as an addi-
tional control, since the surface is likely more comparable to RGD-
modified silk films. Adhesion of fibroblasts on fibronectin-coated
surfaces was equal to that on treated cell culture plates, whereas
cell adhesion on the non-treated control plates was reduced to
about 75% compared to that on treated cell culture plates.
Fibroblast adhesion on eADF4(C16) films was similar to that on
non-treated cell culture plates, as previously published [5]. Since in
the absence of adhesion motifs the physicochemical properties of
a surface play an important role, the low adherence of cells on
eADF4(C16) films is partly caused by the surface smoothness which
prevents physical anchorage of cells. Films of RGD-modified silk
proteins showed a significantly increased fibroblast adhesion
compared to filmsmade of eADF4(C16). Cell adhesion on C16spRGD
films was even higher (p < 0.05) than on treated or fibronectin-
coated control plates (Fig. 5). Interestingly, the cell-binding
activity of the linear RGD (in the genetically made hybrid) was
indistinguishable from that of the cyclic RGD (chemically coupled),
even though RGD cyclopeptides have been reported to be more
active [15,22,55,56]. The adhesion of MC3T3-E1 mouse osteoblasts
to hydrogels prepared from recombinant elastin-mimetic poly-
peptides was found to be almost 100% higher, when the cyclic
RGDfK peptide was used for chemical modification than when
employing a linear FRGDS peptide [57]. This aberrant behavior
compared to that of BALB fibroblasts can be explained by the
selectivity of different cells toward different RGD peptides. Cells
express a set of different integrin subtypes, and depending on the
sequence and structure of the RGDmotif the affinity toward certain
subtypes varies [25,58,59]. The linear GRGDSP peptide (which is
part of C16spRGD) and the cyclic c(RGDfK) peptide (used for
chemical modification) have similar activity for a5b1 integrin, but
the cyclic compound is 6e7 times more selective for aVb3 integrins
Table 2
Water contact angles and average roughness (Ra) of eADF4(C16), C16spRGD and
ntagCysC16-c(RGDfK) films cast from aqueous solutions after treatment with
ethanol, as well as of treated cell culture plates (TCP), fibronectin-coated cell culture
plates (FCCP) and non-treated cell culture plates (NTCP). For the determination of
the average roughness, AFM measurements were performed, and Ra was calculated
in an area of 25 mm2.
Contact angle / Roughness (Ra/nm)
eADF4(C16) 58.5  2.5 2.9  1.4
C16spRGD 60.1  2.3 4.8  4.4
ntagCysC16-c(RGDfK) 61.8  1.8 5.8  1.2
TCP 82.3  2.0 3.7  0.6
FCCP 76.2  1.3 3.8  0.8




















































Fig. 5. Adhesion of BALB/3T3 mouse fibroblasts to treated cell culture plates (TCP),
fibronectin-coated cell culture plates (FCCP), non-treated cell culture plates (NTCP),
eADF4(16)/C16spRGD/C16spRGE/ntagCysC16-c(RGDfK) and ntagCysC16-c(RGEfK) films
with a cell seeding density of 75,000 cells/cm2. Cell attachment was quantified by the
cell-titer blue assay, measuring the fluorescence intensity of resorufin (lex 530 nm; lem
590 nm) in a microplate reader. Adhesion to treated cell culture plates was set to 100%,
and all values were normalized accordingly. There was a significant difference in cell
adhesion between group A (C16spRGD/ntagCysC16-c(RGDfK)/fibronectin-coated cell
culture plates/treated cell culture plates) and group B (eADF4(C16)/non-treated cell
culture plate/C16spRGE/ntagCysC16-c(RGEfK)) (*p < 0.005). Within group A, a signifi-
cantly higher cell adhesion could be observed in case of C16spRGD films compared to
fibronectin-coated or treated cell culture plates (*p < 0.005), within group B a signif-
icantly lower cell adhesion could be observed for C16spRGE compared to the non-
treated control (**p ¼ 0.041). Calculations of mean and standard deviation are based
on one representative experiment (n ¼ 8).
time / days
























Fig. 6. Proliferation of BALB/3T3mousefibroblasts culturedon treated cell cultureplates
(TCP), non-treated cell culture plates (NTCP), eADF4(16)/C16spRGD/C16spRGE and
ntagCysC16-c(RGDfK) films with a cell seeding density of 5000 cells/cm2 for 6 days. Cell
numbers were evaluated using the cell-titer blue assay, measuring the fluorescence
intensity of resorufin (lex 530 nm; lem 590 nm) in a microplate reader. Calculations of
mean and standard deviation are based on one representative experiment (n ¼ 8). *Cell
proliferationonfibronectin-coated cell culture plateswas indistinguishable from treated
cell culture plates, and cell proliferation on ntagCysC16-c(RGEfK) films was indistin-
guishable from that on C16spRGE films (for clarity of the figure these values are not
shown).
Table 3
Proliferation rate (m) and doubling times of BALB/3T3 mouse fibroblasts cultured on
treated cell culture plates (TCP), fibronectin-coated cell culture plates (FCCP), non-
treated cell culture plates (NTCP), eADF4(16)/C16spRGD/C16spRGE/ntagCysC16-
c(RGDfK) and ntagCysC16-c(RGEfK) films for 6 days. (n.d.: not detectable).
mmax / d
1 Doubling time / h
TCP 1.07  0.02 15.54  0.30
FCCP 1.05  0.03 15.90  0.48
C16spRGD 0.98  0.02 16.91  0.33
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Fig. 7. Calcein A/M staining of BALB/3T3 mouse fibroblasts growing on non-treated cell culture plates (NTCP), eADF4(16)/ntagCysC16-c(RGEfK)/C16spRGE/ntagCysC16-c(RGDfK) and
C16spRGD films, treated cell culture plates (TCP), and fibronectin-coated cell culture plates (FCCP) with a cell seeding density of 5000 cells/cm2 for 1, 3 and 6 days. Pictures were
taken using a fluorescence microscope (20 magnification). Transmitted light images were taken simultaneously and merged with the fluorescence images. (scale bar: 100 mm, all
images have an identical magnification).
than the linear structure [15,58]. Another reason for the observed
similarity of the cyclic and linear RGD peptide on BALB/3T3 fibro-
blasts adhesion and proliferation in context of our silk films could
be that chemical coupling is not quantitative and yields only 70e90
% of functionalization [33], potentially lowering the amount of
surface-accessible RGD domains in comparison to films of the
hybrid silk (with every silk molecule containing the RGD motif).
This fact could be important since the surface density of RGD has an
influence on cell adhesion, proliferation and spreading [60e62].
The presentation of RGD motifs on the film surfaces has not yet
been determined. However, in a previous study we analyzed the
accessibility of thiol groups on the surface of ntagCysC16 films by
coupling of nanogold particles [33]. The nanoparticles were
homogenously distributed with an average density of 185 fmol/
cm2, which is in a range that would be sufficient in supporting cell
attachment, if RGD peptides were coupled. Besides, even though
the linear RGD peptide has probably no conformation like the cyclic
RGD peptide, it could be flexible enough to adopt an active
conformation after binding transmembrane integrin receptors.
Finally, the site of modification could have an impact on the func-
tion, since C16spRGD is modified at the C-terminus, whereas the
RGD motif in ntagCysC16-c(RGDfK) is chemically coupled to the N-
terminus, also having a larger spacing between the RGD domain
and the silk protein. Structural differences of the two termini might
have an influence on the folding and the surface availability of the
RGD domain after film formation.
To show the sequence specificity of the RGD modifications, the
aspartic acid residue was replaced by a glutamic acid residue in
both the chemically coupled peptide and the hybrid, since the RGE-
sequence has previously been shown to have no influence on cell
adhesion [63]. Cells on films of RGE-modified silk proteins showed
a similar adhesion behavior as on unmodified eADF4(C16) films,
being significantly lower than that on non-treated control plates
(Fig. 5). Due to the lack of cell adhesion domains, attachment of
cells is largely affected by the surface charge, the hydrophobicity as
well as the microstructure and mechanical properties of the
surface, leading to differences in the adhesion of fibroblasts to these
surfaces.
3.5. Fibroblast proliferation
Proliferation of fibroblasts on silk films and the control plates
was analyzed over 6 days (Fig. 6). Fibroblasts cultured on films of
RGD-modified silk proteins showed the same exponential growth
profile as those cultured on treated or fibronectin-coated cell
culture plates. Again, the influence on cell adhesion of the linear
RGD sequence in the hybrid silk proteinwas indistinguishable from
that of the covalently attached cyclic RGD peptide. The calculated
proliferation rate constants (m) and doubling times (Td) of fibro-
blasts on the different surfaces showed no significant difference
independent of the surface (Table 3), indicating that the better
attachment of fibroblasts to C16spRGD did not significantly
improve the proliferation of the cells. Even though it was shown in
a previous study that attachment of 3T3 Swiss albino cells to the
cyclic RGDfK was about 2-fold faster than to the linear RGDS, due to
a higher affinity for the integrin receptors [55], this effect did not
lead to a significant difference in cell spreading or proliferation.
Also, in the case of LTK cells (mouse fibroblasts, thymidine kinase-
negative L cells) a similar spreading behavior was observed when
comparing the cyclic RGDfK to linear GRGDS and GRGDSP
sequences [64]. These findings are probably due to the fact that
cells up-regulate the production of ECM proteins in relation to cell
adhesion (collagen type-I and fibronectin), therefore only at early
stages of adhesion strong effects/differences can be seen. In the
control experiments, fibroblasts seeded on eADF4(C16) films as
well as on RGE-variant films or non-treated plates did not prolif-
erate (Fig. 6).
3.6. Analysis of cell morphology
After staining of living cells with Calcein A/M, their morphology
was analyzed using a fluorescence microscope (Fig. 7). The spher-
ical morphology and clustering of the cells on the non-treated
control plate as well as on eADF4(C16) films and the films of the
RGE-variants confirmed our previous data. Cellecell interactions
seem to be superior to cellesurface interactions, inducing cell
aggregation and eventually apoptosis. Neither the morphology nor
the cell number changed significantly over 6 days, since cell
adhesion was probably too weak and cells were removed during
washing. These results are similar to those obtained for Bombyx
mori silk films [65]. In contrast, fibroblasts cultured on treated or
fibronectin-coated cell culture plates or on films of the RGD-silk
proteins showed a flat and spread morphology with confluence
after 6 days of incubation (Fig. 7).
Staining of dead cells with Ethidium Homodimer I was not
performed because the dye strongly adsorbes to silk surfaces,
which not only diminishes its availability in the medium but also
increases the background signals, which in turn decreases the
sensitivity for detection of dead cells.
4. Summary
Two strategies were employed for modification of silk proteins
with RGD motifs, each having advantages and disadvantages.
Chemical functionalization allows coupling of a large variety of
molecules, including cyclic peptides, while genetic modification is
limited to natural amino acids, except for the introduction of some
non-natural amino acids. To date, more than 50 non-natural amino
acids have been successfully incorporated into proteins for various
applications [66]. However, this approach is limited due to the lack
of selectivity and the low incorporation efficiency of such amino
acids [66]. Besides, D-amino acids or b-amino acids cannot be
integrated due to their incompatibility with the ribosome [66].
However, the advantage of genetic engineering is the direct
usability of the hybrid proteins after purification, while the chem-
ical approach requires several steps after protein purification to
achieve the desired product. It is also worth mentioning that
distinct coupling chemicals might have critical side-effects in the
human body. The most important drawback of chemical modifi-
cations might be the not quantitative coupling, with efficiencies
between 70 and 90%.
5. Conclusions
The genetically modified silk proteins presenting linear RGD-
motifs are as potent as the silk proteins chemically functionalized
with cyclic RGD peptides in regard to fibroblast adhesion and
proliferation. Thus, these RGD-containing hybrid silk proteins
reflect a promising material for future tissue engineering
applications.
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Controllable cell adhesion, growth and orientation on
layered silk protein films†
Felix Bauer,‡ Stefanie Wohlrab‡ and Thomas Scheibel*
Due to their mechanical stability, biocompatibility and biodegradability, silks are promising materials for
various biomedical applications including tissue engineering. Since the shape and the organisation of
cells in and on scaffolds both affect their function, we tested patterned silk scaffolds made of three
different silk proteins concerning their influence on cell adhesion, growth and orientation. Two different
cell lines, BALB/3T3 fibroblasts and C2C12 myoblasts, showed controllable cell adhesion as well as orien-
tation dependent on the silk proteins used and patterns made. Surprisingly, the presence of the integrin
binding motif RGD did not influence cell adhesion and orientation on structured silk films, although it
did so significantly on flat films.
Introduction
Silks are protein-based fibres produced by various arthropods
including spiders and insects. They are well known for their
mechanical stability, biocompatibility and biodegradability,
which allow their use in biomedical applications.1 In contrast
to obtaining silk proteins from natural sources, recombinantly
produced silk proteins have the advantages of a defined com-
position, constantly high purity, and quality.2 Further, recom-
binant silk proteins can be processed into different
morphologies such as fibres, nonwoven-meshes, capsules, par-
ticles, hydrogels, foams, and films.3,4
Previously it has been shown that BALB/3T3 fibroblast
adhesion is weak on flat eADF4(C16) (a recombinantly pro-
duced engineered spider silk protein) films,5 based on the lack
of specific motifs for cell attachment in the protein’s primary
structure. Introduction of such motifs can improve cell
adhesion on flat silk films.6–9 eADF4(C16) modified with the
integrin binding motif RGD yielded significantly improved cell
adhesion and proliferation.8
In tissue engineering it is further essential to restore the
tissue structure and organisation. In most organs the cells and
the extracellular matrix (ECM) are aligned, being essential for
their cellular function and mechanical properties.10–12
The surface topography of a substrate is known to influence
the adhesion and polarisation of cells. In order to align
different cell types, various scaffolds are currently in use,
such as contact guidance materials like micro-/nanogrooved
scaffolds or fiber mesh matrices made of polymeric fibers.13–17
Most promising for tissue engineering applications are
adhesive micro patterns produced by micro contact printing or
other photolithographic methods. Parallel grooves for example
promote topographical anchorage and orientation of the cells,
which is important e.g. for bone implants, skin transplants, or
artificial nerve tubes.13,14,16 Patterned structures allow to align
different cell types such as osteoblasts, cardiac cells, muscle
cells, corneal epithelial cells, and fibroblasts.10,18–20
Here, we used structured films made of two different silk
proteins (Fig. 1) to test the influence of chosen proteins and
morphology on BALB/3T3 fibroblasts. As a second model,
mouse myoblast cells from muscle were tested, which fuse to
myotubes at high cell densities and need alignment to gene-
rate strength and tension.20,21
Fig. 1 Schematic diagram of eADF4(C16), ntagCysC16-c(RGDfK), and N[AS]8C
(A) and of films cast from proteins with identical and opposite charges (B).
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Materials and methods
Protein production
The spider silk protein eADF4(C16) was produced and purified
as described by Huemmerich et al.26 Chemical coupling of syn-
thesized cyclic RGD to ntagCysC16-c(RGDfK) was performed as
described previously.8 The production of the recombinant
lacewing egg stalk protein N[AS]8C was described by Bauer and
Scheibel.27
Coupling of NHS-fluorescein to N[AS]8C
1 mg of lyophilised N[AS]8C was dissolved in 6 M GdmSCN
and dialysed against 20 mM HEPES (pH 7). For coupling, a
5-fold molar excess of NHS-fluorescein was added to the protein
solution. After two hours of incubation at room temperature
N[AS]8C was precipitated with ammonium sulphate, sub-
sequently washed with distilled water, and lyophilised.
Production of films
For production of unstructured films as well as for the ground
layer films, lyophilized proteins were dissolved in formic acid
and cast onto glass slides (1% (w/v), 0.15 mg cm−2) followed by
evaporation of the solvent. Since spider silk films made from
formic acid are water-insoluble, no post-treatment was
necessary.24
To prove the water stability of films made of the recombi-
nant lacewing egg stalk protein, 1% (w/v) N[AS]8C was dis-
solved in formic acid and cast into a 48 well plate. After
drying, the films were incubated in water for 24 hours. After-
wards, wells with films and blank wells were stained with Coo-
massie Brilliant Blue, and the presence of films was inspected
visually.
Production of patterned two protein films
The patterns were made using photolithographically produced
templates to generate PDMS (polydimethylsiloxane) negatives.
First, silicon wafers were spin coated with a photoresist result-
ing in a 25 μm thick layer. After curing, the wafer was exposed
with the desired mask and subsequently treated with gamma-
(4-fluorophenyl)-gamma-butyrolactone to remove the photore-
sist from the undesired areas. As a result, grooves with a width
of 50 μm and ridges with a width of 20 μm with a height differ-
ence of 25 μm were retained (Fig. 2A).
Then, polydimethylsiloxane (PDMS) moulds were created by
using a 10 : 1 mixture of PDMS prepolymer and curing agent.
The mixture was degassed for 20 minutes and afterwards
poured onto the wafer. The moulds were cured for 90 minutes
at 80 °C, peeled from the wafer, and cut into pieces (Fig. 2B).
A protein ground layer was cast on a glass slide (see Pro-
duction of films). To deposit a protein stripe (ridge), the PDMS
moulds were placed with their structured side downwards on
the ground layer films (Fig. 2C and D). A droplet of a 1% (w/v)
solution of the second protein in formic acid was deposited at
the open side of the channels (the ground layer remains stable
as seen when using the same protein as the ground layer and
the ridges of the latter peel off (ESI Fig. 1†)). Based on capillary
forces the channels were filled with the protein solution
(Fig. 2E). After drying, the mould was gently removed (Fig. 2F)
and the films were investigated microscopically.
Cell culture experiments
For cell culture experiments BALB/3T3 mouse fibroblasts and
C2C12 mouse myoblasts (European Collection of Cell Cultures)
were cultured in DMEM media (Biochrom, Berlin, Germany)
supplemented with 10% foetal bovine serum (Biochrom,
Berlin, Germany), 1% (v/v) GlutaMAX (Gibco, Grand Island,
USA), and 0.1% (v/v) gentamicin sulphate (Sigma-Aldrich,
Seelze, Germany). An incubator was used to control the atmos-
phere (5% CO2, 95% humidity) to maintain the cells.
The glass slides containing the protein films were placed in
six well plates, and 5000 cells per cm2 were seeded per film.
The medium was changed once a day. Cells were cultured for
up to 96 hours.
Calcein-AM staining
BALB/3T3 fibroblasts were stained with 2 mM calcein acetoxy-
methyl ester (calcein A/M) (Invitrogen, Eugene, Oregon, USA).
Live cells were analyzed with a LeicaDMI3000 B fluorescence
microscope after 15 min of incubation at 37 °C (Leica, Wetzlar,
Germany).
Fig. 2 Production of patterned films (the ridges have a width of 50 μm and a height of less than 1 μm, whereas the grooves (i.e. spacing between the ridges) have
a width of 20 μm): A: a silicon wafer was used as a template to process a PDMS stamp (B); C: a film was cast on a glass slide to form a ground layer; D: a PDMS
stamp was placed on the ground layer protein film; E: a protein solution with a second protein was soaked into the channels of the PDMS stamp by capillary forces;
F: after drying, the PDMS stamp was removed, leaving ridges of the second protein; G: cells preferentially adhere and align on the ground layer but not on the
ridges.
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Microscopy
To confirm the existence of the protein ridges and to measure
the height of the ridges, fluorescein was coupled to N[AS]8C
prior to inflating the mould. Subsequently, the films were
observed in a confocal laser scanning microscope (DMI 6000
CS Leica).
Cell growth and alignment were observed with a Leica DMI
3000B microscope equipped with a camera. Images were made
with and without cells at 48 h and at 96 h after fibroblast
seeding.
Picture analysis
To analyse the preferences of the cells to bind to different
regions of the protein films, all adhered cells were marked in
Powerpoint software by a line across the longest axis of the
spread cells symbolising their orientation (e.g. 267 fibroblasts
were present on the surface, 218 were spread and marked with
a line, ESI Fig. 3†). Afterwards, spread cells were counted on
each protein type and the percentage of cells on the bottom
layer was calculated.
The orientation of the marked cells was measured using
ImageJ software. The angle of the cells was measured relative
to the groove direction of the film and plotted in 5° steps. The
distribution and orientation of the cells were calculated from a
minimum of three pictures.
Results and discussion
Employed proteins
To produce stable silk films with distinct topographies, pro-
teins were chosen with different net charges (Fig. 1). N[AS]8C,
an engineered protein based on the lacewing egg stalk protein
MalXB2, was used as a polycationic silk protein and the spider
silk protein eADF4(C16) with or without an RGD-modification
as a polyanionic silk protein.5,8
Production of flat silk surfaces
The preparation of silk films with a flat surface is straightfor-
ward and has been shown previously.22 Here, formic acid was
chosen as a solvent for the proteins.23–25 Previously, it was
shown that eADF4(C16) films made from formic acid solutions
are water-insoluble due to a high β-sheet content enabling
direct use in cell culture without further post treatment.24 The
water stability of N[AS]8C films made from formic acid solution
was confirmed by Coomassie staining of the films after inten-
sive washing with water (data not shown).
Fibroblast and myoblast adhesion on flat silk surfaces
BALB/3T3 mouse fibroblasts were seeded on eADF4(C16),
ntagCysC16-c(RGDfK), a variant of eADF4(C16) with a
chemically coupled, cyclic RGD-peptide,8 and N[AS]8C films
respectively.
As shown previously, BALB/3T3 fibroblasts adhered weakly
on flat eADF4(C16) films, resulting in clustering of the cells
(Fig. 3A),5,8 based on the low surface roughness and the lack of
adhesion motifs in the primary structure of eADF4(C16).
Good adhesion of BALB/3T3 fibroblasts was achieved on
flat films of RGD-modified eADF4(C16). On such ntagCysC16-c
(RGDfK) films, BALB/3T3 fibroblasts showed a spread mor-
phology (Fig. 3B), and the proliferation rate and doubling time
were similar to those of the positive control (treated cell
culture plates).8
Films made of the recombinant lacewing egg stalk protein
N[AS]8C showed a low surface roughness similar to films made
of eADF4(C16), and fibroblast adhesion was very low on such
films (Fig. 3C).
Concomitantly, C2C12 myoblasts showed a similar behav-
iour on all three film types (Fig. 3D–F). On eADF4(C16) films
as well as on N[AS]8C films, myoblasts revealed a spherical
morphology and adhered weakly to the surface (Fig. 3D and F).
The modification of eADF4(C16) with an RGD peptide resulted
in spread morphology with improved cell adhesion (Fig. 3E).
Production of patterned films
To promote cell alignment on our silk film surfaces, patterned
two-layer films made of various combinations of eADF4(C16),
N[AS]8C, and ntag
CysC16-c(RGDfK) were processed.
Fig. 3 A–C: BALB/3T3 mouse fibroblasts cultured on films made of eADF4
(C16) (A), ntagCysC16-c(RGDfK) (B) or N[AS]8C (C) with a cell seeding density of
5000 cells per cm2 after 24 hours of incubation. D–F: C2C12 myoblasts cultured
on films made of eADF4(C16) (D), ntagCysC16-c(RGDfK) (E) or N[AS]8C (F) with a
cell seeding density of 5000 cells per cm2 after 24 hours of incubation. Scale
bars: 100 μm.
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The width between the ridges was adjusted to 20 μm, since
widths between 10 μm and 20 μm were previously shown to be
suitable for cell alignment, and the ridges had a width of
50 μm.15
In order to visualise the film patterns, N[AS]8C was chemi-
cally labelled with fluorescein before film formation. Confocal
laser scanning microscopy (CLSM) of structured films with
the labelled protein revealed a precise alignment of the
two protein layers (Fig. 4A) and a thickness of the N[AS]8C
layer (i.e. the height of the ridges) of less than one micron
(Fig. 4B).
First a ground layer was made of ntagCysC16-c(RGDfK) with
good cell adhesion properties, and ridges were processed
thereon using N[AS]8C with low adhesion properties. Next,
films with eADF4(C16) as the ground layer and N[AS]8C as
ridges were produced (Fig. 1B).
Fibroblast growth on patterned films
Single protein films. BALB/3T3 fibroblasts were grown on
patterned films made of eADF4(C16) (in ground and ridge
layers) to confirm the influence of the structure on the
adhesion and alignment of cells.
Cell adhesion was improved compared to unstructured
films due to the rough edges of the structures. The orientation
of the cells was measured after 48 hours and revealed a
good alignment with the film structures (Fig. 5A). Cells
adhered everywhere but with 63.2% of the cells in the grooves
(Table 1).
Cell adhesion on N[AS]8C films could not be quantified,
since only a few cells adhered and were oriented with the axis
of the ridges.
ntagCysC16-c(RGDfK) structured films showed no improved
adhesion in comparison to unstructured ones due to the
already high level of adhesion on the flat films.
Unfortunately, structured films made of one protein by this
technique are highly unstable due to the identical charge of
the proteins in both layers, and, therefore, the ridges peel off
easily (ESI Fig. 1†).
Two protein films. Generating stable films was possible
using two proteins with opposite charges. We used RGD
modified silk (ntagCysC16-c(RGDfK)) promoting fibroblast
attachment as a ground layer and positively charged N[AS]8C
prohibiting efficient fibroblast attachment for making the
ridges (Fig. 5B).
On such films, 85.5% of the fibroblasts adhered on the
ground layer (94.2% when standardised per area due to the
Fig. 4 Fluorescence microscopic images of a patterned film with fluorescein-
coupled N[AS]8C protein as ridges (A: top view; B: side view). The gaps between
ridges are clearly visible in B.
Fig. 5 BALB/3T3 fibroblasts grown on structured films. A: orientation of fibroblasts grown on patterned films made of different protein combinations (ground
layer protein/ridge protein) as depicted by the colour code after 48 hours of incubation; B: fluorescence microscopy of calcein AM stained cells, grown on a film
with ntagCysC16-c(RGDfK) as the ground layer and N[AS]8C as ridges; C and D: light microscopic image after 48 hours of incubation using ntag
CysC16-c(RGDfK) as
the ground layer with N[AS]8C as ridges (C) and eADF4(C16) as the ground layer with N[AS]8C as ridges (D).
Table 1 Distribution of fibroblasts on patterned films, consisting of two inde-
pendent proteins. Most cells spread within the grooves. The first protein reflects









Cells in the grooves 85.5% 78.8% 63.2%
Cells standardised per
area in the grooves
94.2% 91.5% 85.3%
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2.5 times larger area of the top layer), and most of the cells
aligned along the axis of the ridges (Table 1, Fig. 5A, 5C and
ESI Fig. 2†). Even the few cells adhering to the N[AS]8C ridges
were mostly aligned.
Surprisingly, control experiments using eADF4(C16) instead
of ntagCysC16-c(RGDfK) as the ground layer revealed similar
results (Fig. 5D), with much higher cell adhesion numbers
than for eADF4(C16)/eADF4(C16) films. The fibroblasts mostly
grew on the eADF4(C16) area (78.8% of the fibroblasts (91.5%
calculated per area)) and not on the N[AS]8C ridges (Table 1).
Cell alignment was pronounced as well (Fig. 5A) accentuating
the importance of substrate morphology for cell attachment.
The adhesion of fibroblasts on eADF4(C16) films is much
better on structured films than on flat ones (Fig. 3A), probably
due to the microstructure at the interface of the two layers,
which results from drying effects. In contrast, N[AS]8C seems
to be a good ridge material as it is not a good substrate for
cells, and, therefore, it directs cell adhesion to the desired
ground layer areas. Images after 96 hours showed that cells
proliferated well on the films and stayed on the ground protein
layer as desired (Fig. 6A).
In summary, structures are important for orientation of
cells even if they are less than 1 μm in height (Fig. 4B).
Myoblast growth on patterned films
C2C12 myoblasts grown on patterned films made of ntag-
CysC16-c(RGDfK)/N[AS]8C and eADF4(C16)/N[AS]8C behaved
similar to fibroblasts (Fig. 6B). C2C12 myoblasts mostly grew
on the spider silk ground layers and not on the N[AS]8C ridges.
It was impossible to calculate the cell angle and distri-
bution due to the high cell density after 48 hours and the for-
mation of myotubes.
The formation of myotubes in an aligned manner, however,
is an important step towards skeletal muscle regeneration.
Conclusion
The beneficial influence of patterned scaffolds on fibroblast
and myoblast adhesion and alignment was shown by our
experiments with patterned films using one single protein.
Fibroblasts as well as myoblasts adhere and proliferate much
better on structured than on unstructured films made of the
same protein. A width of 20 μm between ridges with a height
of 1 μm is suitable to induce fibroblast as well as myoblast
alignment in parallel to the grooved pattern (Fig. 5 and 6). On
patterned eADF4(C16) films, fibroblasts grew on the ridges
and in the grooves with slight preferences for the grooves. The
deposition of N[AS]8C as stripe protein (ridges) with low
fibroblast and myoblast adhesion properties increased cell
binding in the grooves. Surprisingly, ntagCysC16-c(RGDfK) as
the ground layer did not result in a significantly better
cell binding compared to an eADF4(C16) ground layer.
The unspecific cell adhesion, induced by surface roughness
and structure, leads to strong cell adhesion in the case of
the polyanionic spider silk proteins, but not in the case of
the polycationic egg stalk silk protein. Surprisingly, in this
context the specific interaction of the cells with RGD did
not show significant benefits for patterned spider silk
films.
In the future, our results will have an impact on patterning
of silk coatings e.g. for bone grafts, muscle cell cultures, or
nerve guidance/regeneration.13,14
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Supplemental Figure 2: Distribution of the cell alignment of fibroblasts on a ntagCysC16-c(RGDfK)/N[AS]8C film. 
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The engineered spider silk protein eADF4(C16) reveals similarities to amphiphilic block copolymers.
Drop cast of protein solutions on different hydrophobic as well as hydrophilic templates out of
different starting solvents (hexafluoroisopropanol, formic acid and aqueous buffers) generated silk
films varying in structure and surface properties. Here, the underlying secondary structure of the
proteins, the mechanical integrity at increased temperatures, homogeneity and surface topography of
silk films, as well as the wettability were investigated in detail. Interestingly, the used templates had
impact on microphase separation of the silk molecules as seen by the content of b-sheet structures; as
well as on silk film surface hydrophobicities.
Introduction
Many features of a material, such as wettability or biocompati-
bility, are determined by its surface. To control interactions of a
material with the surrounding environment it is often necessary
to modify its surface. Coating of the surface is one possibility to
create defined physical and chemical properties. One possibility
to coat a substrate is to use self-assembled monolayers (SAMs) of
amphiphilic organic molecules and another one is the use of
multilayer films.1,2 Multilayer films of polypeptides are suitable
for applications which encompass some of the following desir-
able features: anti-fouling, biocompatibility, biodegradability,
specific bio-molecular sensitivity, environmental benignity,
thermal responsiveness, and stickiness or non-stickiness.3–6
Coatings made of silk proteins can address some of these issues
by virtue of the biochemical nature of the silk proteins. Espe-
cially, spider dragline silk which builds the frame and the radii of
a spider web is a promising material for biomedical and technical
applications.7 Two so far identified components of the dragline
silk of the European Garden spider, A. diadematus, are Araneus
diadematus fibroin 3 (ADF3) and Araneus diadematus fibroin 4
(ADF4), which resemble amphiphiles with blocks of polyalanine
and glycine-rich blocks.8 The polyalanines adopt b-sheet struc-
tures which are thought to be responsible for the high tensile
strength9 in fibres, while the glycine-rich blocks form helical
structures or random coil elements, being important for the
flexibility and elasticity of fibres.10
In contrast to nature, where spider dragline silk proteins are
exclusively converted into threads, in vitro it is possible to
produce other two- or three-dimensional shapes, such as e.g.
hydrogels,11 films12 or microparticles.13 Here, we intended to
create biocompatible surfaces with defined wettability, based on
the previously established engineered spider silk protein
eADF4(C16). The hydrophilic material glass as well as the
technically important hydrophobic substrates polystyrene and
Teflon (PTFE) were chosen as model templates. Additionally,
different starting solvents such as hexafluoroisopropanol
(HFIP), formic acid (FA) and aqueous buffers were investigated,
since they have an influence on the structure and mechanical
properties of spider silk films.14,15
Experimental
Film preparation
The recombinant spider silk protein eADF4(C16), which consists
of 16 repeats of the C module (GSSAAAAAAAASGPGGYG
PENQGPSGPGGYGPGGP), was produced and purified as
described previously.16 The purified and lyophilized protein was
directly dissolved in hexafluoroisopropanol (HFIP) or formic
acid (FA). To generate an aqueous solution, eADF4(C16) was
dissolved in 6 M guanidiniumthiocyanate and dialyzed against
aqueous buffer. Ammonium bicarbonate was chosen as the
buffer system, since it decomposes into the volatile components
NH3, CO2 and H2O upon evaporation. The obtained protein
solutions were cast on polystyrene, polytetrafluoroethylene
(PTFE) and glass. Since the water content has a large influence
on spider silk films, the environmental conditions were kept
constant at 30% relative humidity and 20 C. After evaporation
of the solvent the films were treated with methanol to stabilize the
films by inducing b-sheet structures as described previously.17
For contact angle measurements, FTIR analysis, and enzymatic
digestion, silk films with a thickness of approximately 1 mm were
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employed. For dynamic mechanical analysis, films with a thick-
ness of 9–11 mm were used.
Atomic force microscopy
For surface morphology characterization, films were analysed in
tapping mode using a Dimension 3100 Nanscope IV (Veeco
Instrument Inc., N.Y., USA). Si3N4 cantilevers (Olympus,
Tokyo, Japan) were used with a force constant of 42 N m1. The
average roughness Ra was calculated in an area of 25 mm
2.
Contact angle measurements
To analyse the wettability, static contact angles of water on
spider silk films were analysed using the OCA contact angle
system (Dataphysics Instruments GmbH, Germany). The
contact angles were determined using the SCA20 software
(Dataphysics Instruments GmbH, Germany) and a Laplace
Young fit. Since as-cast HFIP and aqueous films partially
dissolve in water, only post-treated films were characterized.
Film digestion
Silk films were covered with chymotrypsin (Roth, Karlsruhe,
Germany) in solution (9 U ml1 in 100 mM Tris, 10 mM CaCl2,
pH 7.8). After 24 h of incubation at 37 C, the films were washed
with distilled water to remove the enzyme, dried, and analysed by
scanning electron microscopy (SEM).
Attenuated total reflections-Fourier transform infrared (ATR-
FTIR) spectroscopy
ATR-FTIR spectra were obtained on a Ge crystal in absorbance
mode using a Bruker Tensor 27 spectrometer (Bruker, Germany)
between 3500 cm1 and 750 cm1. Each measurement reflects 60
scans at a resolution of 2 cm1. To determine the fractions of
individual secondary structures, the amide I region (1595 cm1 to
1705 cm1) was analysed by Fourier self-deconvolution (FSD)
using the Opus software (Bruker Optics Corp., Billerica, MA,
USA) according to Hu et al., 2006.18
Scanning electron microscopy (SEM)
Scanning electron microscopy was performed with a 1450EsB
Cross Beam (Zeiss, Germany) at an accelerating voltage of 3 kV.
After digestion with chymotrypsin the dried silk films were
sputtered with platinum and analysed directly.
Dynamic mechanical analysis (DMA)
Dynamic mechanical analysis was performed with a DMA 2980
(TA Instruments, Newcastle, DE, USA). A frequency of 5 Hz, a
heat rate of 2 C min1, and an amplitude of 0.08% (relative to
the initial sample length) were used.
Results and discussion
Characterization of the silk films
Silk protein films were cast from different solvents on PTFE,
glass and polystyrene, and the homogeneity and the surface
topography of substrates were analysed by atomic force
microscopy (AFM); followed by calculation of the average
roughness Ra. Depending on the solvent and the template, the
average roughness of the silk films varied in a range from 1.2 to
27.5 nm (within an area of 25 mm2) (Table 1). HFIP and formic
acid films cast on a glass surface revealed a slightly wavy, rela-
tively smooth surface, whereas films cast on polystyrene were
plane with small ‘‘spikes’’. The films cast on PTFE showed a
more homogeneous appearance, however, with a higher rough-
ness than films on glass or polystyrene. In contrast to HFIP and
FA films, which showed a homogeneous smooth surface, those
cast from aqueous solutions were relatively rough and had a
peak-shaped structure.
In order to test the stability of the films dynamic mechanical
analysis (DMA) was employed. The storage moduli E0 and loss
moduli E00 similarly changed in all films with increasing
temperature. DMA curves for as-cast and methanol-treated films
cast from formic acid are shown as typical examples in Fig. 1. At
temperatures <100 C a strain hardening effect was observed due
to water/solvent loss. Up to temperatures of around 175–205 C
(depending on the solvent/post-treatment) the initial high storage
modulus and the loss modulus slightly changed (Table 2, Fig. 1),
followed by a sharp decrease of approximately one order of
magnitude in E0 and E0 0. The reached maximum reflected a glass
transition-like behaviour with a sudden gain in segmental motion
of the protein chains accompanied by a remarkable elongation of
the films. A direct correlation between the moduli, the glass
transition temperature Tg and the secondary structure was
observed. An increase in the b-sheet content from 20% (in as cast
HFIP films) to $40% (in methanol treated films) resulted in an
increase in moduli and an upward shift in Tg of 50
C, indi-
cating an increase in stability in the case of b-sheet enriched films.
Wetting behaviour of silk films
The surface hydrophobicity is important for a material’s inter-
action with its environment. Therefore, the water contact angles
(CA) were analysed of the film–air interface. HFIP films made on
polystyrene revealed a film–air water contact angle of 38.4 
6.9, being more hydrophilic than that of aqueous films (48.2 
5.8) and FA films (63.0  4.3). All films rendered the poly-
styrene surface more hydrophilic when compared to the
uncoated template surface, which displayed a water contact
angle of 89.4  1.1 (Fig. 2A). Additionally, air contact angles
of films cast on glass, a more hydrophilic substrate, and of films
cast on Teflon, a hydrophobic and technically important
substrate, were tested. Strikingly, the surface hydrophobicities of
Table 1 Average roughness Ra/nm of eADF4(C16) films was deter-
mined by AFM (measured in an area of 25 mm2). Films were cast from
HFIP, FA or aqueous buffer (10 mM NH4HCO3) on polystyrene (PS),
glass or Teflon (PTFE) and analysed after subsequent processing with
methanol
Average roughness Ra/nm
HFIP FA Aqueous Uncoated
Glass 1.27  0.48 1.21  0.41 8.27  0.94 1.02  0.21
PS 1.97  0.65 4.73  2.01 12.24  2.71 6.16  1.01
PTFE 10.00  2.50 n.d. 27.50  4.80 23.30  6.55

































































all coated templates were inversed in comparison to plain
template surfaces (non-coated). This trend was visible for films
cast from every solvent, with air-surfaces of HFIP films yielding
the smallest and FA films the highest (except on glass) water
contact angles. Due to the higher roughness of the aqueous films
on glass, the films showed increased contact angles. In the case of
PTFE (CA ¼ 104.5  3.1) the air-surface of silk films was
hydrophilic (CA ¼ 41–59.2), while in the case of glass (CA ¼
28.2  1.3) it was hydrophobic (CA ¼ 62.1–113.4) (Fig. 2A).
In addition to the hydrophobicity of the silk film–air interface,
the water contact angles of film–template interfaces were ana-
lysed. For example HFIP films on PTFE with a hydrophilic air
surface (CA ¼ 41.7  6.3) had a more hydrophobic template
surface with water contact angles of 74.4  5.8 (Fig. 2B and C).
Secondary structure analysis of the silk films
Next, we analysed structural differences of the silk films by ATR-
FTIR. In the achieved FTIR spectra, the amide I band which
represents mainly C]O stretching vibrations of the amide
backbone and the amide II band which corresponds to N–H
bending vibrations were both analysed in detail. The b-sheet
content of silk films is highly dependent on the solvent used.
Fluorinated alcohols, like HFIP, are known to induce an
a-helical structure, thus silk proteins dissolved in HFIP show a
significantly higher helical content.19,15 In contrast, formic acid
induces b-sheet structures by interaction with the polar side
chains of proteins.21
Surprisingly, films cast on hydrophilic substrates showed
significant differences to films cast on hydrophobic substrates
independent of the solvent used (Fig. 3A). The fraction of
individual secondary structures was determined by Fourier Self-
Deconvolution (FSD) of the amide I band, as described previ-
ously by Hu et al.18 On the hydrophobic substrates PTFE and
polystyrene silk films showed significantly higher levels of b-sheet
structures (41–46%) than films cast on glass, which had a b-sheet
content of 34–37% (Fig. 3B). In the case of films cast on glass, the
amphiphilic silk proteins form hydrogen bonds with the glass
influencing the methanol induced b-sheet shift of the silk struc-
ture. On the hydrophobic substrates polystyrene and PTFE the
b-sheet content of silk films is consequently higher. The differ-
ence in b-sheet content of silk films on polystyrene and PTFE is
not significant.
Fig. 1 Storage modulus E0, loss modulus E0 0 and change in the sample
length (displacement) of eADF4(C16) films. Exemplary films cast from
formic acid, before (upper panel) and after methanol (MeOH) treatment
(lower panel) are shown. Dynamic mechanical analysis was performed
with a frequency of 5 Hz, a heat rate of 2 C min1, and an amplitude of
0.08% (relative to the initial sample length).
Table 2 Overview of mechanical characteristics (onset drop in storage modulus E0 and max. loss modulus E0 0/C) of eADF4(C16) films. Dynamic
mechanical analysis was performed with a frequency of 5 Hz, a heat rate of 2 C min1, and an amplitude of 0.08% (relative to the initial sample length)
Temperature/C
HFIP FA Aqueous
As cast MeOH As cast MeOH As cast MeOH
Onset drop in E0 151.8  6.0 204.5  6.5 174.5  0.3 193.5a 185.3  0.6 198.6  1.7
Max. E0 0 163.0  8.4 213.5a 193.5  1.5 212.2a n.d. 213.4  3.8
a Single measurements.
Fig. 2 (A) Surface hydrophobicity of eADF4(C16) films determined by
water contact angle measurements. Films were cast on polystyrene, glass
or Teflon from HFIP, FA or aqueous buffer (10 mM NH4HCO3) and
analysed after subsequent processing with methanol. As reference, the
contact angles of uncoated substrates (u.s.) were determined (28.2  1.3
for glass, 89.4  1.1 for PS, and 104.5  3.1 for Teflon). Exemplary
water contact angles are shown of the air surface (B) and the template
surface (C) of eADF4(C16) films cast from HFIP on Teflon after meth-
anol treatment.

































































Microphase separation of silk proteins
In polymer chemistry it is well known that block copolymers will
arrange differently depending on their composition. Because of
the thermodynamic incompatibility of the different blocks, the
contact between similar/dissimilar blocks is maximized/mini-
mized; and the self-assembly in micro-domains occurs.21 Such
microphase separation effects have already been observed for the
naturally occurring spider dragline silk, for engineered spider silk
proteins,22,23 for multi-block copolymers based on spider silk
proteins,24,25 for cast silk fibroin drops26 and for silk fibroin27
films, where b-sheet crystallites are dispersed in an amorphous
matrix.28
Based on the existing evidences we generated a structural
model for silk coating on surfaces based on self-assembled micro-
domains (Fig. 4). To experimentally confirm the descriptive
model of the result of microphase separation, the silk films were
digested with chymotrypsin. Previously it had been shown that a-
chymotrypsin degrades the non-crystalline parts of silk proteins
faster than the b-sheet crystals.29 Therefore, the percent content
of b-sheet structures should increase upon a-chymotrypsin
treatment. This increase in b-sheet content was indeed seen for
silk films treated with chymotrypsin, in dependence of the
template the silk film was cast on and as confirmed by FTIR
analysis (Fig. 5, Table 3). In the case of films on polystyrene the
percent b-sheet content increased after enzyme treatment from
41.0% to 46.5% and in the case of glass from 35.7% to 45.9%.
Further, the surface morphology of the enzyme-treated films
was analysed by scanning electron microscopy (SEM). Films cast
on polystyrene had a smooth surface with small pinholes,
indicative of a b-sheet rich surface with small helical inclusions of
50 to 150 nm in diameter. On glass, the silk surface was much
rougher after a-chymotrypsin treatment with particulate struc-
tures (Fig. 6).
We assume that the phase separation is based on the amphi-
philic nature of the silk proteins.30 Their poly-alanine stretches
can be considered as non-hydrophilic blocks (close interaction,
water exclusion), whereas glycine-rich regions can be regarded as
hydrophilic blocks. A hydrophilic template, e.g. glass, leads to
hydrophobic silk patches (like coalesced micelles) surrounded by
more hydrophilic amino acids. Drying of the film and subsequent
treatment with methanol induce the folding of the poly-alanines
into b-sheet crystallites, whereas glycine-rich motifs remain
Fig. 3 Influence of template and starting solvent on the secondary
structure of eADF4(C16) films. (A) After methanol treatment, the films
were analysed by FTIR spectroscopy (exemplary films cast from HFIP
are shown). (B) b-sheet content of eADF4(C16) films. Films were cast on
either glass, polystyrene (PS) or Teflon fromHFIP (squares), FA (circles)
or aqueous buffer (triangle).
Fig. 4 Influence of the template on the secondary structure of
eADF4(C16). A hydrophilic substrate leads to less b-sheet structures, but
b-sheet exposure at the film–air surface, thus inducing a hydrophobic film
surface. In contrast, the air-surface of films on hydrophobic substrates is
more hydrophilic. Although a higher overall b-sheet content is induced
on such surface, most b-sheets are incorporated within the films.
Fig. 5 ATR-FTIR-spectra of silk films cast from HFIP on polystyrene
(orange) and from aqueous buffer on glass (black) before (solid lines) and
after chymotrypsin treatment (dotted lines).
Fig. 6 Scanning electron microscopy (SEM) images of chymotrypsin
treated silk films on glass (A) and polystyrene (B). Scale bar 1 mm.

































































unstructured or in helical (polyproline II) conformations. At the
film–air interface the hydrophobic patches are preferentially
oriented towards air instead of the mainly hydrophilic bulk,
leading to a film surface which appears to be more hydrophobic.
Protein films cast on a hydrophobic substrate consist to a
higher degree of b-sheets, which render the bulk of the film more
hydrophobic. The hydrophilic areas consisting of random coil
and helical conformations are dispersed therein. At the silk–air
interface hydrophilic parts orient towards air instead of the
hydrophobic core; and the surface appears to be more hydro-
philic being more sensitive to chymotrypsin digestion.
Conclusions
In summary, we have shown that not only the starting solvent
but also the template surface has a significant influence on the
properties of drop cast recombinant spider silk films and coat-
ings. The observed possibility to control surface wettability of the
films presents a high potential for these coatings in technical and
medical fields. Due to the limited bonding ability, silk films can
easily be peeled off the hydrophobic surfaces. Since recombinant
spider silk proteins can be easily functionalized, introduction of
functional groups on a template’s surface would allow specific
chemical bonding between the template surface and the silk
film.12 Together with the biocompatibility, the biodegradability
and the opportunity of chemical modification, spider silk coat-
ings can for example be used for the optimization or minimiza-
tion of protein adsorption and cell growth on synthetic
biomaterials.12,31,32
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Polystyrene 41.0  0.3 46.5  1.4
Glass 35.7  1.7 45.9  0.3
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Abstract Due to their outstanding mechanical properties, their biocompatibility 
and biodegradability spider silk fibers are of high interest for researchers. Silk 
fibers mainly comprise proteins, and in the past decades biotechnological 
methods have been developed to produce spider silk proteins recombinantly in 
varying hosts, which will be summarized in this review. Further, several 
processing techniques like biomimetic spinning, wet-spinning or electro-
spinning applied to produce fibers and non-woven meshes will be highlighted. 
Finally, an overview on recent developments concerning genetic engineering 
and chemical modification of recombinant silk proteins will be given, outlining 
the potential provided by recombinant spider silk-chimeric proteins and spider 
silk-inspired polymers (combining synthetic polymers and spider silk peptides). 
Keywords: recombinant spider silk proteins, fibers, genetic engineering, 









Female orb weaving spiders such as Nephila clavipes and Araneus 
diadematus are able to produce up to seven different silk types for different 
applications, such as catching and wrapping prey, for protecting their offspring 
etc. Spider silks are mainly made of silk proteins (spidroins) and they are 
named after the glands the proteins are produced in. The best characterized silk 
is the Major Ampullate (MA) silk (also known as dragline silk). In order to 
analyze the properties of spider silk as well as to use them in distinct 
applications, sufficient quantities of the material are necessary. 
Unfortunately, due to their cannibalistic behavior it is not possible to farm 
spiders. Further, collecting silk from individual spiders is time consuming and 
not very effective. Therefore, silk genes have been transferred from spiders to 
other host organisms to produce recombinant spider silk proteins. Besides 
employing cDNA, engineered silk genes have been utilized encoding proteins 
which are comparable to the natural ones concerning toughness and elasticity. 
Here, we summarize efforts to recombinantly produce spider silk proteins in 
bacteria and highlight the possibilities of their application-driven modification, 
as well as the techniques of processing them into fibers. 
 
 
2. Recombinant production of Dragline silk proteins 
Dragline silk comprises spidroins produced in the major ampullate gland and 
is used e.g. as the frame and the radii of an orb web, and also as the spider’s 
lifeline. In comparison to most man-made fibers like Kevlar or carbon fibers, 
dragline silk has superior mechanical properties especially concerning its 
toughness (Heim et al. 2009; Gosline et al. 1999). Two major ampullate 
spidroin classes can be defined named MaSp 1 and MaSp 2, which mainly 
differ in proline content (MaSp1 shows no proline residues, while MaSp2 is 
enriched in proline residues). Furthermore, MaSp1 tends to be more 
hydrophobic than MaSp2. The molecular setup of MaSp proteins is given in 




Figure 1: Molecular setup of the recombinant protein eADF4 (C16) (engineered 
ADF4). A consensus repeat motif (Module C) is derived from the repetitive core of the 
dragline protein ADF4. By reverse translation, synthetic oligonucleotides can be 
produced and seamlessly cloned 
 
Major ampullate spidroin monomers have a molecular weight of up to 350 
kDa (Ayoub et al. 2007; Sponner et al. 2004). Despite of their different 
functions, spidroins comprise a highly repetitive core sequence, flanked by 
non-repetitive termini (Scheibel 2004; Eisoldt et al. 2011). The core domain 
accounts for approximately 90 % of the protein’s sequence and consists of 
repeating motifs, each formed by 30-150 amino acids which can be repeated up 
to 100 times in a single spidroin (Hayashi et al. 2004; Guerette et al. 1996). 
While the repetitive core domain of a spider silk protein is important for its 
macromolecular properties, the non-repetitive termini play a key-role in storage 
and assembly. Compared to the core domain, the carboxy (NRC)- and 
aminoterminal (NRN) domains are highly conserved for each silk type 
throughout different species or sometimes even between different silk types 
(Motriuk-Smith et al. 2005; Rising et al. 2006; Garb et al. 2010), indicating 
their highly important function. Both terminal domains of MaSp form five-
helix bundles (Hagn et al. 2010; Askarieh et al. 2010; Hagn et al. 2011). The 
recently studied NRN domains of Latrodectus hesperus and Euprosthenops 
australis are monomeric at pH above 6.8 and dimerize in an antiparallel fashion 
upon slight acidification. In comparison to the aminoterminal domains, the 
NRC domain of Araneus diadematus is a disulphide-linked, parallel dimer with 
one of the five helices being domain swapped. Importantly, all solution 
structures were solved using recombinantly produced proteins. 
First attempts to produce recombinant spider silk proteins by using cDNA 
from spiders revealed several problems. Bacterial hosts such as E. coli have a 
different codon usage than spiders lowering the protein yield. Further repetitive 
sequences are often removed in bacteria by homologous recombination creating 
a polydisperse set of proteins with different molecular weight (Xu and Lewis 
1990; Arcidiacono et al. 1998). Likewise, the efforts to express silk genes in 
eukaryotic cells were not successful or yielded low protein amounts (Menassa 
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et al. 2004; Lazaris et al. 2002). A short overview on different host organisms 












































Table 1: Host organisms used for expressing spider cDNA and cDNA fragments 
Host Organism DNA Origin MW [kDa] 
of the 
protein 
Silk Type References 
Procaryotes     
E. coli N. clavipes 43 MaSp1 (Arcidiacono et al. 
1998) 
E. coli N. clavipes 12 MaSp1 & 
MaSp2 
(Sponner et al. 2005) 
E. coli N. antipodiana 12-15 TuSp1 (Lin et al. 2009) 
E. coli E. australis 10-28 MaSp1 (Askarieh et al. 2010; 
Hedhammar et al. 
2008; Stark et al. 2007) 
E. coli L. hesperus N/A PySp2 (Geurts et al. 2010) 
E. coli L. hesperus 33, 45 TuSp1 (Gnesa et al. 2012) 
Eukaryotes     
Insect cells 
   (S. fruiperda) 
A. diadematus 35-56 ADF3 & 
ADF4 
(Huemmerich et al. 
2004b) 
Insect cells 
   (S. fruiperda) 
A. diadematus 50-105 ADF3 & 
ADF4 
(Ittah et al. 2006) 
Insect cells 
   (S. fruiperda) 
A. ventricosus 28 Flag (Lee et al. 2007) 
Insect cells 
   (S. fruiperda) 
A. ventricosus 61 Polyhedron-
Flag fusion 
protein 
(Lee et al. 2007) 
Mammalian cells 
   (MAC-T & BHK) 
N. clavipes 12 MaSp1 & 
MaSp2 
(Lazaris et al. 2002) 
Mammalian cells 
   (MAC-T & BHK) 
A. diadematus 60-140 ADF3 (Lazaris et al. 2002) 
Mammalian cells 
   (COS-1) 
Euprosthenops 
sp. 
22, 25 MaSp1 (Grip et al. 2006) 
Transgenic animals 
   (goats) 
A. diadematus 60 ADF3 (Karatzas et al. 1999) 
Transgenic animals 
   (mice) 
N. clavipes 31-66 MaSp1 & 
MaSp2 
(Xu et al. 2007) 
Transgenic animals 
   (B. mori) 
N. clavipes 83 MaSp1 (Wen et al. 2010) 
Yeast 
   (P. pastoris) 
N. clavipes 33-39 MaSp1 & 
MaSp2 
(Teulé et al. 2003) 
Yeast 
   (P. pastoris) 
N. clavipes 57-61 ADF3 (Teulé et al. 2003) 
MaSp: major ampullate spidroin; ADF: Araneus diadematus fibroin; MAC-T: bovine mammary alveolar 
cells; BHK: baby hamster kidney cells; COS: fibroblast-like cell line derived from monkey kidney tissue; 
Flag: flagelliform; TuSp: tubiliform spidroin; PySp: pyriform spidroin; MW: molecular weight. 
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A more promising approach is the recombinant production of engineered 
spider silk spidroins with adapted DNA sequences. Based on the repetitive core 
sequence of spider silk spidroins, it is easy to design optimized genes by simple 
cloning techniques (Lawrence et al. 2004; Colgin and Lewis 1998; 
Huemmerich et al. 2004a; Lewis et al. 1996; Prince et al. 1995; Vendrely et al. 
2008). An overview on recent attempts is shown in table 2. 
 
Table 2: Engineered spider silk proteins produced in different bacterial hosts 
Silk Type Origin Size 
[kDa] 
Host Organism References 
MaSp1 L. hesperus N/A S. typhimurium (Widmaier et al. 2009; 
Widmaier and Voigt 2010) 
 N. clavipes 100-285 E. coli (Xia et al. 2010) 
 N. clavipes 15-26 E. coli (Winkler et al. 1999; Szela et 
al. 2000) 
 N. clavipes 45-60 E. coli (Huang et al. 2007; Wong Po 
Foo et al. 2006; Bini et al. 
2006) 
 N. clavipes 10-20 E. coli (Fukushima 1998) 
MaSp2 A. aurantia 63-71 E. coli (Brooks et al. 2008b; Teulé 
et al. 2009) 
 N/A 31-112 E. coli (Lewis et al. 1996) 
MaSp2/Flag N. clavipes 58, 62 E. coli (Teulé et al. 2007) 
MaSp1 & L. hesperus 14 E. coli (Hagn et al. 2011) 
MaSp2 N. clavipes 20-56 E. coli (Arcidiacono et al. 2002; 
Mello et al. 2004) 
 N. clavipes N/A B. subtilis (Fahnestock 1994) 
 N. clavipes 55, 67 E. coli (Brooks et al. 2008a) 
 N. clavipes 15-41 E. coli (Prince et al. 1995) 
 N. clavipes 65-163 E. coli (Fahnestock and Irwin 1997) 
ADF3, ADF4 A. diadematus 34-106 E. coli (Schmidt et al. 2007; 
Huemmerich et al. 2004a) 
ADF1-ADF4 A. diadematus 25-56 S. typhimurium (Widmaier et al. 2009; 
Widmaier and Voigt 2010) 
Flag N. clavipes N/A S. typhimurium (Widmaier et al. 2009; 
Widmaier and Voigt 2010) 
 N. clavipes 14-94 E. coli (Heim et al. 2010; Vendrely 
et al. 2008) 




3. Processing of recombinant spider silk proteins  
Spider silk proteins can be processed into fibers, capsules, particles, 
hydrogels, foams, films or non-woven meshes (Schacht and Scheibel 2011; 
Spiess et al. 2010; Leal-Egana et al. 2012; Hardy et al. 2008). Assembly of the 
recombinant spidroins can be triggered by protein concentration, pH, 
temperature, ionic strength or mechanical stress, among others. 
Here we will focus on processing of recombinant spider silk proteins into 




In principle, several techniques can be applied to produce fibers from 
solutions of recombinant spider silk proteins. Here a short overview on recent 
attempts of two prominent techniques, namely wet spinning and biomimetic 
spinning will be given. 
 
Wet spinning: 
In wet spinning processes, polymer or protein solutions are extruded into a 
coagulation bath. The proteins, dissolved in aqueous solution or organic 
solvents are extruded into water, methanol, isopropanol or acetone (Seidel et al. 
1998; Hardy et al. 2008). An overview on approaches to wet-spin recombinant 
spider silk proteins as well as mechanical properties of the achieved fibers are 
given in table 3. 
The majority of the recombinant fibers have been made of MaSp1 and MaSp2 
derivatives from Nephila clavipes. The molecular weight of the underlying 
proteins varied from 31 to 284 kDa with some tendency, but no strict relation 
between the molecular weight and tensile strength. Evidently, both the tensile 
strength and elasticity differed between fibers made of different recombinant 
spider silk proteins for reasons of molecular weight, but also protein sequence, 
concentration of the spinning solution, fiber diameter and the coagulation bath. 
There are also large deviations in the mechanical properties of the different 
fibers investigated in individual spinning approaches, as seen in table 3. Such 
variability makes it hardly possible to exactly predict the fiber’s properties 
before spinning based on the amino acid sequence and/or the molecular weight. 
In principle the tensile strength of a fiber rises with decreasing diameter (Teulé 
et al. 2011) and increasing molecular weight of the protein (Xia et al. 2010), 
reaching a plateau above a specific protein size. Importantly, if compared to the 
mechanical properties of natural spider silk fibers, all man-made fibers show 
less mechanical stability, independent of the fiber diameter (Seidel et al. 2000). 
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The reason for this finding could be related to molecular self-assembly of the 
spidroins. Therefore, a detailed analysis of this assembly is necessary, which is 






Table 3: Wet spun fibers from recombinant spider silk protein 
Silk Types Origin MW [kDa] of 
the protein 





Flag, MaSp like fusion proteins N. clavipes 58 
62 
 28.6 ± 17.2 
 10.2 ± 7.3 
 3.7 ± 1.2 
 1.6 ± 1.0 
(Teulé et al. 2007) 
(Teulé et al. 2007) 
MaSp1, Ma Spidroin 1+2 N. clavipes 43, 55 --- --- (Arcidiacono et al. 2002) 





 1.9 ± 2.4 
 49.5 ± 7.8 
 19.0 ± 2.2 
 3.6 ± 2.6 
(Brooks et al. 2008b) 
(Brooks et al. 2008b) 
ADF3 A. diadematus 60-140 ---  43.4 – 59.6 (Lazaris et al. 2002) 
MaSp1, MaSp2 N. clavipes 59-106 --- --- (Lazaris et al. 2002) 
MaSp2 N. clavipes 31-112 --- --- (Lewis et al. 1996) 
Ma Spidroin 1 analogs N. clavipes 94  100.0 – 150.0  5.0 – 15.0 (Bogush et al. 2009) 
Ma Spidroin 2 analogs N. madagascariensis 113  100.0 – 150.0  5.0 – 15.0 (Bogush et al. 2009) 
Ma Spidrion 1 like fusion proteins N. clavipes 64-126 --- --- (Yang et al. 2005) 
MaSp1 N. clavipes 100-284  508.0 ± 108.0  15.0 ± 5.0 (Xia et al. 2010) 
MaSp1 N. clavipes 46 
70 
 16.3 ± 6.7 
 35.7 ± 8.4 
 1.5 ± 0.4 
 3.1 ± 1.8 
(An et al. 2011) 
(An et al. 2011) 
MaSp2, Flag N. clavipes 58  28.4 ± 25.4  1.7 ± 0.6 (Teulé et al. 2011) 







Biomimetic spinning implements all factors that are important in the natural 
spinning process including molecular self-assembly of the spidroins. The main 
factors needed for a transition of a soluble state of the spidroins in the spinning 
dope into a solid fiber during natural spinning are a change in pH, ion exchange 
and internal water removal. In addition to chemical processes, extensional and 
shear forces in the duct are necessary to solidify the fiber (figure 2). Under 
storage conditions at pH 7, spidroins form micellar-like structures with liquid-
crystalline properties to prevent aggregation (Knight and Vollrath 1999; Hu et 
al. 2007), whereby the terminal domains play a key role (Askarieh et al. 2010; 
Exler et al. 2007). Along the spinning duct the pH drops from around 7.4 to 6 
and shear forces increase. Studies showed, that recombinant spidroins with 
NRC domains assemble into fibers while recombinant proteins without NRC 
domains only unspecifically aggregate (Hagn et al. 2010; Eisoldt et al. 2010; 
Rammensee et al. 2008). Further, the NRC domain has been shown to be 
important for pre-orientation of the core domains structure (Askarieh et al. 
2010; Exler et al. 2007; Eisoldt et al. 2010). 
 
 
Figure 2: Schematic overview of the parameters critical for the natural spinning process 
of spider dragline silk. During this process, the pH is acidified and phosphate and 
potassium ions are pumped into the silk dope, while water and chloride are extracted 
from the dope. Mechanical stress induces the formation of a silk fiber with high β-sheet 
content 
 
Such knowledge has been used to develop microfluidic devices mimicking the 
geometry of silk glands, and which allowed controlling the chemical and 
mechanical parameters necessary to produce silk fibers. 
Rammensee et al. presented a microfluidic device which allowed to assemble 
recombinant spidroins in aqueous solution using solely the natural triggers 
(Rammensee et al. 2008). Next generation microfluidic devices allowed to 
produce functional spider silk fibers with predictable width (Kinahan et al. 
2011). 
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The fiber diameter can be controlled by the flow rate of the protein solution 
within the microfluidic channel. The velocity along the silk gland of spiders 
rises due to a steady decrease in radius (Breslauer et al. 2009). Different 
spinning speeds have also a significant effect on the properties of the resulting 
fibers (Vollrath et al. 2001), likely because of higher molecular alignment 
caused by stretching of the fiber. In vitro, higher flow rates than in natural 
processes are needed based on less concentrated protein solutions in 
comparison to nature where increased concentration and thereby viscosity leads 
to fiber formation at lower elongation flow rates (Rammensee et al. 2008). 
Although microfluidic devices provide a simple method to produce uniformly 
sized fibers, there are still problems to produce endless and consistent fibers 
with properties similar to that of the natural blueprint. 
 
 
3.2. Non-woven meshes made of recombinant spider silk 
proteins 
Electrospinning of biopolymers is a cost effective and easy way to produce 
non-woven meshes with high inter-fiber spacing and fiber diameters ranging 
from micrometers down to a few nanometers (Frenot and Chronakis 2003). The 
advantage of electrospinning is the low amount of polymer solution  needed to 
generate continuous fibers (Baumgarten 1971). If an electric field is applied to 
a pendant droplet of polymer solution a taylor conus is formed, and a polymer 
jet is created, which directs towards the counter electrode. The solvent 
evaporates before reaching the collector plate, and dried fibers can be collected 
e.g. as a non-woven mat (Huang et al. 2003). The fiber diameter can be 
controlled by the viscosity, the concentration of the polymer solution, the salt 
content, the surface tension of the solvent, the distance to the counter electrode, 
as well as the polymer itself (molecular weight, molecular weight distribution, 
solubility, and glass transition temperature) (Heikkila and Harlin 2008; Greiner 
and Wendorff 2007). Furthermore, the surrounding temperature and the relative 
humidity can significantly influence fiber formation (figure 3).  
To guarantee the continuity of the fibers, the concentration of the silk 
solution must be high enough to permit the entanglement between the silk 
molecules. Interaction between the solvent and the silk molecules, as well as 
their molecular weight, will influence the minimal concentration needed 
(Chengjie et al. 2009). Depending on the collector set up, single fibers or non-
woven meshes can be achieved, the later showing a high surface area to volume 





Figure 3: Scheme of an electrospinning setup. An electric field is applied to a pendant 
droplet of polymer solution leading to a taylor conus, from which a polymer jet emerges. 
The solvent evaporates before reaching the collector plate, and dried fibers can be 
collected e.g. as a non-woven mat (Huang et al. 2003) 
Several groups have  electrospun different silk types, including regenerated 
B. mori silk, regenerated N. clavipes dragline silk and silk-like polymers from 
organic solvents like formic acid (FA), Hexafluoroisopropanol (HFIP) or 
Hexafluoracetone (HFA) (Buchko et al. 1999; Jin et al. 2002; Zarkoob et al. 
2004). Only a few electrospinning setups employed recombinant spider silk 
proteins as depicted below. 
The recombinant spider silk protein eADF4(C16) (based on the dragline silk 
of A. diadematus) was dissolved in HFIP at concentrations from 4 % (w/v) to 
24 % (w/v). Below 8% (w/v) nanoparticles were obtained (akin to electro-
spraying), while homogeneous fibers could only be produced at concentrations 
above 16 % (w/v). With increasing protein concentration the fibers diameter 
increased from 150 nm to 700 nm (Leal-Egana et al. 2012). All as-spun 
eADF4(C16) fibers from HFIP were water soluble and predominantly consisted 
of random coil and -helical structures. Since in most applications water stable 
fibers are necessary, the non-woven meshes can be post-treated with methanol 
vapor to induce the formation of -sheet structures (Leal-Egana et al. 2012). 
Another way to promote -sheet formation in non-woven meshes is 
temperature or humidity annealing (Wang et al. 2006; Zarkoob et al. 2004).  
Cell culture experiments with BALB/3T3 mouse fibroblasts on post-treated 
eADF4(C16) non-woven meshes showed that cell adhesion and proliferation 
were strictly dependend on the diameter of the individual fibers. With 
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increasing fiber diameters cells adhere much better to the meshes, and their 
doubling time decreases while their proliferation rate increases. One 
explanation for this phenomena is that the bigger the fiber diameter, the bigger 
the spacing between the fibers, making it easier for lammellipodia and filopodia 
to protrude (Leal-Egana et al. 2012).  
Bini et al. created two engineered proteins based on the consensus sequence 
derived from MaSp 1 of Nephila calvipes. One of the proteins was further fused 
with an RGD motif to enhance cell interactions. Non-woven meshes 
comprising these proteins were spun from HFIP solutions, and the obtained 
fiber diameters ranged from 50 to 250 nm with an average diameter of 100 nm. 
To increase the -sheet content non-woven meshes were post-treated with 
methanol (Bini et al. 2006) (cf. Chapter 4.1).  
To generate organic-inorganic composite non-woven scaffolds, an R5 
peptide (derived from the repetitive motif of silaffin proteins) was fused to 
N. clavipes spider dragline silk protein, either in presence or absence of  an 
additional RGD motif (Foo et al. 2006). Fibers of the chimeric spider silk-
silaffin proteins were spun from HFIP. Incubation of these non-woven meshes 
with silicic acid solution induced silica sphere formation on the non-woven 
mats with diameters ranging from 200 to 400 nm. Since the non-woven meshes 
were not post-treated, the fibers fused upon incubation in silicic acid. 
Contrarily, when non-woven meshes were treated with methanol before 
silification, silica nanospheres were sparsely observed. Silification reactions 
during electrospinning (concurrent processing) resulted in a non-uniform 
coating of the fibers but no particle formation (Foo et al. 2006).  
 
 
4. Modification of recombinant silk proteins 
One advantage of recombinant spider silk proteins is the ease of genetic 
modification which allows the direct incorporation of functional groups into the 
silk proteins (as already depicted in some examples in 3.) Alternatively, 
chemical modification of distinct naturally occurring or artificially introduced 
specific amino acid side chains is feasible. 
 
 
4.1. Genetic engineering 
Genetic engineering of silk genes allows to incorporate either individual 
amino acids, or even peptide sequences that enable enhanced cell adhesion or 
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improved solubility (table 4). In the following, several attempts to modify silk 
proteins for specific applications are summarized.  
 
Table 4: Chimeric spider silk proteins for diverse biomedical applications 
Fusion protein  Application References 
Silk + silicifying peptides Scaffolds for bone regeneration  Foo et al,. 2006 
Mieszawska et al., 2010  
Belton et al., 2012 
Silk + dentin matrix protein  Scaffolds for bone regeneration Huang et al., 2007 
Silk + RGD peptides Biomedical applications Bini et al., 2006 
Morgan et al., 2008 
Wohlrab et al., 2012 
Silk + poly(L-lysine) Drug delivery Numata et al., 2009 
Numata et al., 2012  
Silk + poly(L-lysine) + cell 
penetrating peptide 
Drug delivery Numata and Kaplan 2010 
Silk + antimicrobial domain Tissue engineering Currie et al., 2011 
Gomes et al. 2011 
 
Biomineralisation: 
Biosilica architectures in diatoms are produced under ambient conditions 
(aqueous solution, neutral pH and low temperatures). In vitro, the R5 peptide 
(derived from the repetitive motif of the silaffin protein of Cylindrotheca 
fusiformis) regulates and induces silica formation under similar conditions. To 
generate scaffolds for bone regeneration, the R5 sequence was genetically fused 
to an RGD containing N. clavipes spider dragline silk protein (as mentioned in 
3.) (Foo et al. 2006). Besides fibers, the resulting chimeric silk-silica protein 
was processed into films. By treating such films with silicic acid solution, the 
R5 peptide induces biomineralization on the surface (Foo et al. 2006). 
Osteogenic differentiation was analyzed culturing human mesenchymal stem 
cells (hMSCs) on such silk-silica protein films. The bound silica influenced 
osteogenic gene expression with upregulation of alkaline phosphatase (ALP), 
bone sialoprotein (BSP), and collagen type 1 (Col 1). Calcium deposits on silk-
silica films further indicated enhanced osteogensis (Mieszawska et al. 2010).  
Belton et al. determined the silica condensation using a range of silicifying 
peptides (R5: SSKKSGSYSGSKGSKRRIL; A1: SGSKGSKRRIL; Si4-1: 
MSPHPHPRHHHT, and repeats thereof) fused to the N-terminus of a 
recombinant N. clavipes spider dragline silk protein. The authors determined a 
strict relationship between silk solution properties (e.g. pH of the solution) and 
silica deposition, leading to silica silk chimera material formation (Belton et al. 
2012).  
Another approach for using silk scaffolds in bone formation was 
investigated by Huang et al., producing a chimeric protein based on the MaSp1 
of N. clavipes and dentin matrix protein 1 which is involved in the nucleation 
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and crystallization of hydroxyapatite. The recombinantly produced protein was 
processed into films, which showed no structural differences in comparison to 
films of non-modified silk. Incubation of processed films in simulated body 
fluids induced the growth of hydroxyapatite crystals on silk films with the 
fused dentin matrix protein 1, indicating their potential for applications in bone 
tissue engineering. (Huang et al. 2007).  
Cell adhesion:  
For biomedical applications the interaction of a material`s surface with cells or 
tissue is highly important. One strategy to improve cell adhesion is to change 
the surface topography of a material (Leal-Egana et al. 2012; Leal-Egana and 
Scheibel 2012). Another one is modification of the silk proteins with cell 
adhesive peptides. The recombinant spider silk protein eADF4(C16) was 
genetically modified with the linear cell adhesion sequence GRGDSPG. The 
RGD-modified protein was successfully processed into films, and cell adhesion 
and proliferation of mouse fibroblasts (BALB 3T3) was investigated thereon. In 
comparison to unmodified spider silk films, cells on RGD-modified films 
showed improved adhesion and proliferation (Wohlrab et al. 2012).  
Bini et al. combined the consensus sequence derived from MaSp1 of 
N. clavipes with the cell binding motif RGD. The modified silk was processed 
into films and fibers, which were successfully used for culturing human bone 
marrow stromal cells (hMSCs). In comparison to the tissue culture plastic, silk 
surfaces showed increased calcium deposition, but surprisingly no impact on 
cell differentiation was observed (Bini et al. 2006). Since cell binding is 
dependent on the surface density of RGD, Morgan et al. blended RGD 
modified recombinant spidroin with B. mori silk in different ratios (10:90, 
30:70, 50:50, 70:30, 90:10 RGD-spidroin : silk fibroin) to adjust the RGD 
concentration exposed on the silk film surface. Strikingly, the proliferation and 
differentiation of pre-osteoblasts (MC3T3-E1) was indistinguishable between 
the various blends. (Morgan et al. 2008). 
Gene delivery:  
Engineered block copolymers of spider silk with poly(L-lysine) domains were 
investigated as gene delivery systems. The silk-poly(L-lysine) copolymer self-
assembles into complexes with plasmid DNA (pDNA) through electrostatic 
interactions. The resulting particles delivered genes into human embryonic 
kidney cells (HEK) (Numata et al. 2009). To increase the delivery efficiency, 
incorportation of cell penetrating peptids (CPPs), like ppTG1, into silk hybrids 
was investigated. CPPs which are known to be amphipathic and positively 
charged (Zorko and Langel 2005) are able to deliver large-cargo molecules into 
cells (Madani et al. 2011). Complexes of the silk-poly(L-lysine)-ppTG1 protein 
with pDNA showed a transfection efficiency comparable to the transfection 
reagent Lipofectamine 2000 (Numata and Kaplan 2010). In another study the 
tumor-homing peptide (THP) was fused to a silk-poly(L-lysine) block 
copolmer. The pDNA complex of silk-poly(L-lysine)-THP block copolymers 
showed a significantly enhanced targeting of specific tumor cells (Numata et al. 
2011; Numata et al. 2012). 
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Antimicrobial silk: 
Silver containing silk materials could be used in applications in which 
antimicrobial activity is needed. Therefore, Currie et al. fused a silver binding 
peptide to a recombinant spider dragline silk protein derived from MaSp1 of N. 
clavipes. The resulting protein nucleated Ag ions from a silver nitrate solution 
(Currie et al. 2011). Regarding antimicrobial activity, Gomes et al. fused the 
consensus sequence derived from the MaSp1 of N. clavipes with three different 
antimicrobial peptides (the human antimicrobial peptides human neutrophil 
defensin 2 (HNP-2), human neutrophil defensin 4 (HNP-4) and hepcidin). The 
recombinantly produced chimeric proteins were processed into films, and it was 
demonstrated that the silk domain retained its self-assembly properties. The 
antimicrobial activity against E. coli and S. aureus was analyzed, and the 
microbial activity was demonstrated. Furthermore, cell studies with a human 
osteosarcoma cell line (SaOs-2) demonstrated the compatibility of these films 
with mammalian cells (Gomes et al. 2011).  
Others: 
To control the solubility of spider silk proteins Winkler et al. incorporated 
methionine residues next to polyalanine sequences, found in the dragline silk of 
N. clavipes, to trigger -sheet formation. This methionine residues can work as 
redox triggers (Winkler et al. 1999). The oxidation to the sulfoxide state with 
phenacyl bromide yields a water-soluble protein and prevents the formation of 
-sheets by disrupting the hydrophobic interactions between the overlaying 
sheets. Reduction with -mercaptoethanol, in contrast, triggers self-assembly 
into -sheets, without disturbing the general macromolecular assembly 
behavior (Valluzzi et al. 1999; Szela et al. 2000). 
To control the -sheet content, enzymatic phosphorylation and 
dephosphorylation reactions were performed with genetically engineered spider 
dragline silk proteins. By introducing charged phosphate groups using cyclic 
AMP-dependent protein kinase, hydrophobic interactions between the -sheets 
were prevented, and thus solubility of the proteins increased. Concomitantly, 
dephosphorylation with calf intestinal alkaline phosphatase induced self-
assembly and -sheet formation (Winkler et al. 2000).  
In addition to functional peptide sequences, individual amino acid residues 
with chemically specific side chains (such as thiols of cysteine residues) can be 
incorporated in engineered spider silk proteins. Due to the fact that thiol side 
chains of cysteines are ideally suited for modifications at neutral pH, a single 
cysteine was introduced in eADF4(C16) (Spiess et al. 2010). In comparison to 
the cysteine free variant, no differences concerning protein structure or 
assembly were dectable in solution and in the films. It could be shown that 
target molecules like maleimide-conjugated fluorescein were successfully 





4.2. Chemical functionalization 
Chemical modification of silk proteins is an alternative route towards the 
funcionalization of silk materials. Due to the fact that most chemical reactions 
occur in the presence of other functional groups, there must be a high 
selectivity thereof. Further, the coupling should in the best case take place at 
physiological conditions (Sletten and Bertozzi 2009). The functionalization of 
silk proteins is often much easier than that of globular proteins, since silk 
proteins are mostly intrinsically unfolded in aqueous solution. Typically, 
modifications of  amino acid side chains are achieved by modifications using 
electrophilic or nucleophilic groups (Carrico 2008). Most recombinantly 
produced spidroins comprise non-reactive glycine and alanine residues and lack 
amino acids residues with functional groups like lysines or cysteines. 
Nevertheless glutamic acid, aspartic acid as well as tyrosine residues allow 
specific chemical modifications of spidroins (Vendrely and Scheibel 2007).  
Modification of recombinant spider silk proteins is possible in solution and 
after processing into different morphologies (Figure 4a). For example small 
organic molecules as well as biological macromolecules like enzymes can be 
immobilized on eADF4(C16) films by modification of glutamatic acid residues. 
After activation of the carboxyl groups (one per repetitive unit in addition to the 
C-terminus) with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide/N-
hydroxysulfosuccinimide (EDC/NHS), the enzyme -galactosidase was 
efficiently coupled (Huemmerich et al. 2006). The acitivity of the enzyme after 
coupling was demonstrated using the specific substrate 5-bromo-4-chloro-3-
indolyl--D-galactopyranoside (X-gal). Empolying an ethylenediamine linker 
after EDC/NHS activation allowed coupling of fluorescein-5-isothiocyanat 
(FITC) to the eADF4(C16) film`s surface. 
To create a single chemical bond between the recombinant spider silk 
protein eADF4(C16) and a target, one way is the modification of the 
N-terminus (since eADF4(C16) does not contain any other primary amines) 
(Schacht and Scheibel 2011). The one-step reaction of N-hydroxysuccinimde 
(NHS)-activated carboxylic acid targets with primary amines is, however, 
limited by a low specificity (Thordarson et al. 2006). Due to the fact that thiol 
side chains of cysteine residues are ideally suited for modifications at neutral 
pH, a single cysteine residue was introduced in eADF4(C16) (Spiess et al. 
2010) (Figure 4b, see also 4.2). Thiol modification was performed using 
maleimide, which reacts selectively and quantitatively in a single step 
procedure with thiol groups forming a stable thioether bond (Partis et al. 1983; 
Heitz et al. 1968). It has been shown that after eADF4(C16) film formation, 
target molecules like maleimide-conjugated fluorescein, monomaleimido-
nanogold particles and -galactosidase (in combination with NHS-PEO12-
Maleimide crosslinker) could be successfully coupled (Spiess et al. 2010). 
Since there are no side-reactive complications, like in the case of carbodiimide 
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activation (glutamic acid resiudes), the reaction was further used to couple a 
maleimide modified cyclic RGD peptide (Wohlrab et al. 2012). 
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Figure 4: Chemical modification of engineered spider silk proteins; (a) Two routes of 
functionalization of silk fibers can be achieved: processing of the fibers followed by 
chemical modification or chemical functionalization in aqueous solution followed by 
fiber production; (b) Modification of recombinant silk proteins with N-
hydroxysuccinimde (NHS)-activated carboxylic acid targets at primary amines (1) or 
functionalization of terminal carboxyl groups and glutamic acid residues with 
EDC/NHS activation followed by functionalization with different primary amines (2) 
(Huemmerich et al. 2006) or at thiol groups in cysteine modified variants through 




4.3. Silk-polymer hybrids 
Silk peptides can be combined with synthetic polymers like poly(ethylene 
glycol) (PEG) or poly(isoprene) to achieve new functionalities (Zhou et al. 
2006; Rathore and Sogah 2001). Rathore and Sogah designed a 
N.clavipes- inspired block-copolymer by selective replacement of the 
amorphous peptide domain with flexible non-peptidic poly(ethylene glycol) 
(PEG) blocks, while retaining the poly(alanine) sequences (Rathore and Sogah 
2001). The silk-polymer hybrids were synthesized with varying chain length of 
the poly(alanines) blocks via prefabricated blocks which were linked block by 
block (Lego method) (Winningham and Sogah 1997; Rathore and Sogah 2001). 
Despite the replacement, the silk peptide blocks achieved -sheet conformation 
in the resulting polymer. Next, the mechanical properties of silk-polymer films 
and fibers were determined. Compared with films made of a B. mori-inspired 
block copolymer, the spider silk-inspired analogue films were tougher and 
stronger. Furthermore, increasing the length of the poly(alanine) block resulted 
in increased elastic modulus and tensile strength. As a result of the higher 
stiffness, the elongation at break decreased with increasing length of the 
poly(alanine) block (Rathore and Sogah 2001). 
Since oligo- and polythiophenes are an interesting class of (semi)conducting 
materials, Klok et al. esthablished the synthesis of diblock oligomers with 
oligo(3-alkylthiophene) (HT-O3AT) and the silk inspired pentapeptide (Gly-
Ala-Gly-Ala-Gly) via solid phase acylation of the resin-bound pentapeptide for 
electronic applications. In addition to -alkylated oligothiophenes which 
usually form organized lamellar assemblies, silk peptide conjugate assembly is 
driven by directed hydrogen bonding interactions (Klok et al. 2004).  
In one approach a low-molecular-weight gelator (LMWGs) based on the 
silk-like tetrapeptide Gly-Ala-Gly-Ala was designed. To introduce additional 
van der Waals interactions and to regulate the solubility, apolar alkyl tails (C12) 
were added as terminal groups (Escuder and Miravet 2006). Gels with a -sheet 
fibril network were obtained in several organic solvents like tetrahydrofuran, 
chloroform, cyclohexane or toluene. The fibrils (less than 20 nm) assembled 
into a network of bundles with a length of several micrometers and a width of 
~100 nm (Escuder and Miravet 2006). By varying the alkyl chain length (from 
C3 to C12) or by adding aromatic groups (phenyl or 4-nitrophenyl), the gelation 
behavior in different polar and apolar solvents could be controlled. For 
example, only compounds with similar alkyl chains on both ends formed gels in 
acetone, whereas compounds with dissimilar alkyl chains were not able to form 





Spider silks are known for their outstanding mechanical properties and their 
biocompatibility since ages. Over the last decades, scientists developed several 
approaches to produce spider silk proteins recombinantly. Although major 
improvements have been made, certain questions still remain, concerning 
assembly, solubility and storage of spider silk proteins. Nevertheless, the 
possibility to process spider silk proteins into various morphologies together 
with the ability to produce different spider silk chimera and spider silk inspired 
polymers will allow various applications in medical and technical fields. 
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